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Abstract

Abstract
Since the discovery of graphene in 2004 by Geim and co-workers, two-dimensional (2D)
nanomaterials have attracted increasing interest. Featuring ultrathin thickness, 2D
nanomaterials show some unusual physical, chemical, and electronic properties compared with
their bulk counterparts, which show potential for a broad range of promising applications (e.g.,
catalysis, electronics, energy conversion and storage). Even though the layered materials (e.g.
graphene, MoS2, black phosphorus, and BN) that are stacked by weak interplane van der Waals
forces can be exfoliated into ultrathin 2D nanosheets, large-scale production of ultrathin and
high-quality 2D nanomaterials remains a great challenge.
Recently, electrochemical water splitting for hydrogen production is widely regarded as a
promising approach for achieving efficient renewable energy production, storage, and usage.
As the important half-reactions of electrochemical water splitting, the reaction kinetics of the
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) are closely
associated with the relevant electrocatalysts, which are currently dominated by noble metalbased materials. In order to realize efficient and economical electrochemical water splitting,
much effort should be concentrated on developing highly active, stable, and low-cost
electrocatalysts. Both experimental and theoretical research suggests that there are fascinating
advantages of 2D nanomaterials for electrocatalysis applications. The practical application of
2D electrocatalysts in water splitting is limited, however, by their unsatisfactory intrinsic
activity or the low density of their active sites. Therefore, developing effective methods to
produce ultrathin 2D nanomaterials and designing advanced 2D nanomaterial-based
electrocatalysts with decent activity and durability is extremely desirable to promote the
research and development of noble-metal-free electrocatalysts for electrochemical water
splitting.
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Abstract

In the first work, a universal strain-discrepancy-assisted liquid exfoliation method is reported,
which could efficiently produce few-layered transition metal dichalcogenide nanosheets in
large quantities. We found that the exfoliation temperature, affinity of the solvent, and boiling
point play critical roles during the exfoliation process. Ethanol is demonstrated as the optimal
solvent medium in terms of nanosheet quality, exfoliation efficiency, and environmental
sustainability. Because of the larger exposure of the atoms on the surface, the exfoliated MoS2
nanosheets show notably improved electrocatalytic performance as compared with pristine
MoS2. This simple, quick, cost-effective, and environmentally-friendly strain-discrepancyassisted liquid exfoliation process provides a new alternative approach for the fabrication of
single/few-layered 2D nanomaterials in large quantities, which can be readily utilized for
various applications in electronics, catalysis, and energy conversion and storage in the near
future.
In the second work, MoS2/MoSe2 heterostructures with ultrasmall MoS2 nanoclusters anchored
on MoSe2 nanosheets are synthesized via a solution-phase process and are investigated as
alkaline hydrogen evolution reaction (HER) catalysts in detail. MoSe2 nanosheets serve as
excellent substrates to block the agglomeration of MoS2 nanoclusters, resulting in abundant
edge sites. Benefiting from the decent water adsorption/dissociation capability of the edge sites,
the optimal MoS2/MoSe2 heterostructures show exceptional catalytic activity in 1 M KOH with
an overpotential of 235 mV at 10 mA cm−2 and a Tafel slope of 96 mV dec−1, which is
substantially improved as compared with individual MoSe2 (330 mV, 135 mV dec−1) and MoS2
(400 mV, 157 mV dec−1). The success of this catalyst design strategy for enhancing alkaline
HER kinetics is also demonstrated in MoSe2/MoSe2 and MoS2/MoS2 heterostructures. The
results suggest that engineering additional edge sites that have a strong affinity for H2O is
critical for TMD intended to enhance alkaline HER activity, and also open new avenues in the
design of precious metal-free efficient catalysts for the alkaline HER.
viii

Abstract

In the third work, a facile and universal cation-exchange process is reported for synthesizing
Fe-doped Ni(OH)2 and Co(OH)2 nanosheets with enriched active sites toward enhancement of
the oxygen evolution reaction (OER). In comparison with typical NiFe layered double
hydroxide (LDH) nanosheets prepared by the conventional one-pot method, Fe-doped Ni(OH)2
nanosheets evolved from Ni(OH)2 via an Fe3+/Ni2+ cation-exchange process possess
nanoporous surfaces with abundant defects. Accordingly, the Fe-doped Ni(OH)2 nanosheets
exhibit a higher electrochemical active surface area (ECSA) and improved surface wettability
in comparison to NiFe LDH nanosheets. In general, they deliver significantly enhanced
catalytic activity compared to NiFe LDH. Specifically, a low overpotential of only 245 mV is
required to reach a current density of 10 mA cm−2 for Ni0.83Fe0.17(OH)2 nanosheets, which also
have a low Tafel slope of 61 mV dec−1, values which are much lower in comparison with those
of NiFe LDH (310 mV and 78 mV dec−1). Additionally, this cation exchange process is
successfully extended to the preparation of Fe-doped Co(OH)2 nanosheets with improved
catalytic activity for oxygen evolution. This novel strategy will shed light on developing highperformance heteroatom-doped catalysts with abundant active sites.
In summary, this dissertation concentrates on the synthesis of ultrathin 2D nanosheets,
engineering extra active sites, and enhancing the intrinsic HER and OER activity of 2D
electrocatalysts. We believe that these novel strategies will open a new avenue for fabricating
precious metal-free catalysts with excellent activity towards water splitting.
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Chapter 1 Introduction
1.1. Research Background
In the wake of the graphene’s first report in 2004 by Geim and co-workers, ultrathin 2D
nanomaterials have aroused increasingly research interest owing to their unusual physical and
chemical properties.1-4 As a conceptually-new kind of nanomaterials, ultrathin 2D
nanomaterials possess mono- or few-layered thickness (typically < 5 nm), large specific surface,
high transparency, and superior structural stability and flexibility, which makes them have great
potential for a wide range of applications (e.g. electrocatalysis, electronics, and rechargeable
batteries).5, 6 To date, the most of reported 2D nanomaterials are layered materials, in which the
weak van der Waals attractions exist between adjacent layers. This weak interlayer interaction
allows exfoliation of bulk materials into ultrathin nanosheets consisting of single or few layers.
To date, as reported in previous literatures, mono- or few-layered TMDs nanosheets are mostly
prepared by micromechanical exfoliation,7,

8

(electro)chemical exfoliation through

intercalation,9-12 liquid-phase exfoliation,13-15 and so on. However, these exfoliation processes
have drawbacks associated with low production rate, sensitive to environmental conditions,
high cost, time consuming, environmental pollution, and so on. Therefore, it is urgent to
develop new strategies to prepare ultrathin few-layered nanosheets, which should fulfil the
following criteria: high quality, high production rate, free of toxic components, and scalability.
Recently, the issues related to the energy crisis and environment pollution arouse by the exhaust
of fossil fuels have motivated many researchers to explore and develop sustainable and “zero
emission” technologies (e.g. water splitting devices, fuel cells, and rechargeable batteries).16-23
Electrocatalytic water splitting is one state-of-the-art energy conversion process for converting
renewable energy into clean hydrogen energy.24 To date, intensive studies are focused on the
two half reactions of water splitting: hydrogen evolution reaction (HER) and oxygen evolution
1
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reaction (OER).25-29 Apparently, driving these two half reactions performed at a constant current
density usually needs many large overpotentials owing to the sluggish reaction kinetics.30 To
lower the overpotential, increasingly studies have been focused on exploring highly efficient
electrocatalysts.31 Recently, noble metals-based materials (Pt, Ir, Ru, Pd, IrO2, RuO2 et al.) have
been demonstrated the best electrocatalytic activities with high efficiencies.32-34 However, the
large-scale application of these precious metal-based electrocatalysts is greatly himdered by the
high price and low abundance. Therefore, exploring new materials with high abundance to
reduce the use of precious metal-based electrocatalysts is important for application of
electrocatalytic water splitting. 2D nanomaterials, such as TMDs, layered double hydroxides
(LDHs), transition metal oxides (TMOs), transition metal phosphides, MXenes, and so on, have
been reported as competitive candidates for electrocatalysis because of their ultra-high surface
area and rich abundance. Despite the large surface area, most pristine 2D nanomaterials exhibit
unsatisfied OER or HER performance because of the unsatisfied intrinsic activity, limited active
sites or low electrical conductivity. For example, Luo’s group fabricated few-layered MoS2
nanosheets via (electro)chemical exfoliation method.35 Electrochemical tests indicated that the
few-layered MoS2 nanosheets exhibit poor HER performance in 1M KOH, showing a large
overpotential of more than 300 mV. Indeed, for most transition-metal-based 2D nanomaterials,
the active sites are mainly located at the edge sites, and less located at the close-packed basal
planes.36 To further achieve high catalytic performance, strategies concentrated on increasing
active edge sites or improving intrinsic activity should be developed.

1.2. Objectives of the Research
In this thesis, a universal and fundamental exfoliation method was developed for the large-scale
synthesis of high-quality single/few-layered TMDs nanosheets via strain discrepancy and
gasification. The driving force and factors that affect the quality of ultrathin TMDs nanosheets
were investigated. Because of the large specific surface, the exfoliated TMDs nanosheets
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exhibit superior HER activity to the corresponding bulk materials. Besides electrocatalysis,
ultrathin 2D layered nanomaterials fabricated by this method can be readily utilized for various
applications in electronics, sensors, and batteries in the near future.
Note that the surface of electrocatalyst plays a pivotal role in the kinetics of electrocatalytic
reactions. Owing to the maximum exposure of atoms, ultrathin 2D nanomaterials are ideal
platforms to atomically modulate the electrocatalytic performance via surface engineering. In
order to optimize the electrocatalytic activity of ultrathin 2D catalysts, surface engineering
including heterostructure, heteroatom doping, defects were induced on TMDs and LDHs
nanomaterials, which are regarded as typical electrocatalysts for HER and OER. As a result,
these modified 2D nanomaterials with high performance were obtained in this doctoral work,
and the mechanisms of surface engineering were subjected to systematic studies. These works
could provide universal strategies to prepare highly active 2D nanomaterials as HER and OER
catalysts.

1.3. Thesis Structure
For the purpose of developing a simple, scalable, and environmental-friendly way to obtain
ultrathin 2D nanomaterials, strain discrepancy and gasification were applied in the exfoliating
process. In order to fully understand the mechanism behind this strain discrepancy-assisted
liquid exfoliation method, we performed a series of controlled experiments with a focus on
exfoliation temperature and solvent medium. In addition, surface engineering strategies were
taken to further improve the electrocatalytic performance of TMDs and LDHs as HER and OER
catalysts. Moreover, in order to investigate the mechanisms of acceleration electrocatalytic
reaction, physical characterizations and electrochemical measurements are carried out, and their
relevance is investigated deeply in this work. The outline of my doctoral work is presented as
follows:
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Chapter 1 introduces the background of 2D nanomaterials in electrocatalysis and reveals the
importance and significance of this work.
Chapter 2 gives a literature review on preparation strategies for ultrathin 2D nanomaterials and
the reaction mechanism of HER and OER, as well as the recent progress on 2D electrocatalysts.
Chapter 3 presents the detailed synthesis strategies, as well as the physical and electrochemical
measurements.
Chapter 4 introduces a universal strain discrepancy-assisted top-down assembly approach for
the synthesis of atomically thin TMDs, including NbS2, MoS2, WS2, SnS2, NbSe2, MoSe2,
WSe2 nanosheets.
Chapter 5 investigates TMD-based heterostructures as electrocatalyst for HER and explores the
HER mechanism of the promoted catalytic activity.
Chapter 6 investigates the effects of heteroatom doping, porosity, defects, and wettability of
Ni(OH)2 nanosheets on OER catalytic activity.
Chapter 7 summarizes the investigation content in this doctoral work and gives some
expectations for the fabricating of other 2D nanomaterials and developing high-performance
electrocatalysts for water splitting.
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2.1. Introduction of Ultrathin 2D Nanomaterials
Ultrathin 2D nanomaterials can be defined as a type of nanomaterial with sheet-like
morphology, in which the lateral size of this sheet is very large (typically > 100 nm) and the
thickness is ultra-thin (usually < 5 nm).1 Since Geim and Novoselov reported a mechanical
exfoliation method for graphene, single/few-layered 2D nanomaterials have triggered
increasing research interest because of their attractive physiochemical properties.2 These 2D
nanomaterials, such as transition metal dichalcogenides (TMDs), transition metal oxides
(TMOs), layered double hydroxides (LDHs), boron nitride (BN), and black phosphorus (BP),
have fascinating properties, including ultrahigh surface area, abundant electrochemical active
sites, high stability, and flexibility, which have great promise for applications in next-generation
electronic devices, catalysis, sensors, energy storage and conversion, etc.3
Nowadays, with the booming development of ultrathin 2D nanomaterials, many efforts have
been devoted to the synthesis of ultrathin 2D nanosheets. Generally, two sorts of strategies
(bottom-up and top-down) can be utilized to synthesize atomically thin 2D nanomaterials. 1 So
far, most of the attention has been paid to layered materials, which can be readily exfoliated
into nanosheets with one or few-layers by breaking van der Waals interactions. As reported in
the previous literature, mono- or few-layered 2D nanosheets are mostly obtained via
micromechanical exfoliation,4-6 (electro)chemical exfoliation through intercalation,7-10
traditional liquid-phase exfoliation,11-13 and so on. These exfoliation methods have drawbacks
associated with low production rates, long time consumption, sensitivity to environmental
conditions, environmental pollution, and difficulty in controlling the degree of intercalation.14
Large-scale production of single or few-layered 2D nanomaterials still remains a great
challenge. The following sections not only introduce the synthetic methods for ultrathin 2D
8
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nanomaterials with layered and non-layered structures, but also summarize the structural
engineering of 2D nanomaterials for application in electrocatalytic water splitting (Figure 2.1).

Figure 2.1 Schematic overview of ultrathin 2D nanomaterials. Images for “synthesis strategy”:
Reproduced with permission.15 Copyright 2017, Wiley-VCH. Reproduced with permission.16
Copyright 2017, Springer Nature. Reproduced with permission.17 Copyright 2016, Springer
Nature. Images for “structural engineering”: Reproduced with permission.18 Copyright 2016,
Springer Nature. Reproduced with permission.19 Copyright 2016, Wiley-VCH. Reproduced
with permission.20 Copyright 2019, Springer. Images for “electrocatalytic water splitting”:
Reproduced with permission.21 Copyright 2015, The Royal Society of Chemistry.

2.2 Synthesis Methods for Ultrathin 2D Nanomaterials
2.2.1 Micromechanical Exfoliation
The basic principle of mechanical exfoliation is diminishing the van der Waals force between
the layers of pristine bulk materials via the tensile strains induced by Scotch tape. For the typical
process, the bulk layered materials should be first attached to the Scotch tape. Subsequently,
they would be exfoliated into few-layered nanosheets via another adhesive surface (Figure
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2.2).22 This peeling-off operation should be repeated more than once to produce nanosheets
with appropriate thickness.
Since Novoselov et al. first reported that they had produced graphene (one layer) from graphite
via mechanical exfoliation process in 2004,2 growing research interest has been attracted
towards fabricating other ultrathin 2D nanomaterials by using this method.23-25 For instance,
Zhang’s group fabricated single- to quinary‐layer TMD nanosheets on Si/SiO2 substrates via
the mechanical exfoliation method.25 Generally, this method is suitable for exfoliating ultrathin
2D nanomaterials from bulk crystals with layered structures. As described in previous reports,
the mechanical exfoliation process has many advantages, such as a clean surface, large lateral
size, and excellent crystal quality. Their disadvantages, however, such as low yield, low
production rate, uncontrollable thickness, and inappropriate shape have also limited its practical
application in its current form.26

Figure 2.2 Schematic illustration of the mechanical exfoliation method for the production of
ultrathin 2D nanomaterials. Reproduced with permission.22 Copyright 2012, The Royal
Swedish Academy of Sciences.
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2.2.2 Liquid Exfoliation
To date, liquid exfoliation has been widely adopted as a typical method to produce ultrathin 2D
nanosheets on a large scale. According to the exfoliation forces, liquid exfoliation can be mainly
divided into two types: mechanical force-assisted and ion/molecules intercalation/exchangeassisted liquid exfoliation.
In a typical mechanical force-assisted liquid exfoliation process, layered pristine materials and
a specific solvent should be mixed, and the mixture would then be treated by sonication or
imposing a shear force (Figure 2.3). In 2008, Coleman’s group first reported that graphene
could be obtained from graphite via the sonication-assisted liquid exfoliation method, which
opened up a new avenue for the inexpensive synthesis of graphene with high yield. Furthermore,
this liquid exfoliation method is also applicable for producing nanosheets of some familiar
layered materials, such as TMDs, TMOs, h-BN, and BP.27 Note that only when the surface
energy of the pristine materials is well-matched with the solvent, could the exfoliation energy
be effectively reduced and the efficiency greatly enhanced.28 The selection of the solvent is very
important in the exfoliation process because the appropriate solvent can stabilize the single- or
few-layerd nanosheets and limit their aggregation. For most layered materials, water and
ethanol are not appropriate exfoliation solvents owing to their large surface energy. Although
water is considered as an inappropriate solvent for exfoliation, it would turn into a good solvent
with the addition of surfactant. The addition of surfactant would modulate the surface tension
of the solvent, so that it could match the surface energy of the pristine samples, thereby
achieving efficient exfoliation.29 Typically, Coleman’s group firstly reported that the
concentration of graphene increased from 0.1 to 0.3 mg mL-1 via the direct ultrasonication
process when the surfactant was changed from sodium dodecylbenzenesulfonate to sodium
cholate.30 Besides water and ethanol, some organic solvents (N-methylpyrrolidone (NMP),
dimethylformamide (DMF), etc.) have been reported as excellent solvents to exfoliate layered
11
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materials due to their appropriate surface energy.28,

31, 32

Large-scale and high-yield 2D

nanosheets can be produced via this simple liquid exfoliation method without any complicated
equipment, operation, or high-cost chemicals. Despite some advantages, the mechanical forceassisted liquid exfoliation method shows several drawbacks, such as low production of one
layer nanosheets, residual polymer/surfactant, and defects on the nanosheets.

Figure 2.3 Schematic illustration of the fabrication of graphene with the assistance of
sonication. Reproduced with permission.33 Copyright 2014, The Royal Society of Chemistry.
As another representative top-down method, ion insertion/exchange-assisted liquid exfoliation
has also drawn growing attention. The essence of this strategy is that small cation ions (Li+,
Na+, K+, etc.) intercalate into the interlayer of layered bulk materials to generate “inclusion
complexes”, which are thereby suitable for exfoliation into ultrathin nanosheets under
sonication treatment in aqueous solution. Under most conditions, the intercalated ions would
react with water to induce the release of hydrogen gas, which is beneficial to the separation of
12
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adjacent layers with the assistance of sonication. For example, Morrison and co-workers
reported that bulk MoS2 could be exfoliated into one-layered nanoflakes by utilizing nbutyllithium as the insertion molecule.34 Although the nanosheets exfoliated via this method
have a high yield and large lateral size, the ion intercalation operation is difficult to control,
always leading to insufficient ion insertion or over ion insertion. Bearing this in mind, Zhang
et al. reported an updated Li+ insertion-assisted exfoliation method that worked with the
assistance of electrochemistry, in which Li+ was inserted into the interlayer of pristine materials
driven by electrochemical force (Figure 2.4).35 In detail, a slurry of bulk materials coated on
Cu foil was taken as the working electrode, and Li foil was used as the counter electrode, which
were assembled into Li ion battery cells (Figure 2.4). By using a voltage, Li+ can be easily
inserted into layered bulk materials. Furthermore, the degree of Li+ insertion can be concisely
controlled by adjusting the voltage. Lastly, the lithium ion batteries were disassembled and the
working electrodes could be exfoliated into one or few-layered nanosheets after washing and
sonication in water. It should be noted that this exfoliation with the assistance of voltage is a
much more complicated method compared with the previous chemical ion intercalation-assisted
liquid exfoliation method due to its complicated operation that involves assembling batteries.
Moreover, the residuals absorbed on the surfaces of nanosheets would make it inappropriate in
some specific applications.
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Figure 2.4 Schematic illustration of the electrochemical-lithium-insertion liquid exfoliation
strategy for production of ultrathin TMD nanosheets. Reproduced with permission.35 Copyright
2011, Wiley-VCH.
In order to avoid excessive usage of energy, developing mild exfoliation methods to obtain
ultrathin layered materials has triggered significant research interest. Recently, Cheon et al.
demonstrated that tandem molecules could be used to produce a large number of single-layer
TMD nanosheets.36 Specifically, tandem molecules, which are regarded as “door opener”
molecules, are first inserted into the interlayers to expand the interlayer spacing, and then the
longer molecules could also enter the interlayer to further expand the distance between the
layers. As shown in Figure 2.5b and 2.5c, the interlayer spacing of TiS2 could be increased
from 6.5 Å to 9.6 Å, and even to 21 Å, and thus, a spontaneous exfoliation process could occur
at room temperature. It should be noted that the functional groups in intercalates play important
roles in exfoliating the bulk materials. Only Lewis alkaline intercalate molecules could be
efficiently inserted into layers. This facile exfoliation strategy can be utilized to fabricate single
or few-layered MoS2, MoSe2, NbS2, NbSe2, and WS2 nanoflakes by selecting the appropriate
intercalate molecules. Before this research finding, Loh et al. reported a pre-expansion method
14
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to exfoliate bulk TMDs with high quality and yield (∼90%).37 They used N2H4 to pre-expand
the interlayer spacing, and then lithium, potassium, and sodium naphthalenide were used to
exfoliate the bulk TMDs completely. Although much progress has been made in the liquid
exfoliation method induced by intercalation of molecules, there remain some challenges. Firstly,
the penetration depth of intercalating molecules is limited under mild conditions. In addition,
the rate of diffusion of intercalating molecules is different from that of the basal plane. The
most important qualification is that the mechanism of the driving forces for stage-controlled
intercalation also needs to be investigated and studied comprehensively.

Figure 2.5 (a) Schematic illustration of the exfoliation process via short and long alkylamine
intercalation. TEM image and 1H NMR spectra of intercalated TiS2 with (b) propylamine and
(c) propylamine and hexylamine. (d-f) TEM images, (g) atomic force microscope (AFM) image
of exfoliated TiS2 nanosheets. The inset of (f) is the corresponding fast Fourier transform (FFT)
pattern. Reproduced with permission.36 Copyright 2015, Springer Nature.
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Ion exchange-assisted liquid exfoliation is suitable for exfoliating some layered bulk materials,
especially for metal oxides and LDHs. The basic concept of this exfoliation strategy is to use
large ions to replace the smaller ions via the migration of ions. The interlayer distance of bulk
materials can be greatly increased after this ion exchange process, which will effectively reduce
the van de Waals forces between adjacent layers. Taking LDHs as examples, they are octahedral
hydroxides, in which the cations are divalent and trivalent (M2+ and M3+). It should be noted
that there are a large number of anions between the layers to balance the charges. All bulk LDHs
can be synthesized via the homogeneous precipitation method, and then they can be exfoliated
into mono-/few-layered nanoflakes with the assistance of the ion-exchange strategy (Figure
2.6).38 It was demonstrated that the anions in the layered bulk LDH can be easily replaced by
some inorganic anions (e.g., Cl-, Br-, NO3-, and ClO4-), thereby resulting in efficient exfoliation
in formamide.39-41 Overall, this method can realize the production of single- or few-layered 2D
nanomaterials with high yield and on a large scale. This ion-exchange exfoliation strategy has
only been demonstrated to be suitable for the production of specific layered materials, however,
which has restricted its application in producing other layered materials with ultrathin thickness.

Figure 2.6 Schematic illustration of the ion-exchange liquid exfoliation strategy for the
preparation of ultrathin LDH nanoflakes. Reproduced with permission.38 Copyright 2014,
Springer Nature.
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2.2.3 Chemical Vapour Deposition
Over the past few years, chemical vapour deposition (CVD) has been regarded as an effective
strategy for the synthesis of atomically thin 2D nanomaterials.42 In a typical synthesis process,
a substrate is selected and placed in a furnace chamber, while the precursors will be heated and
then cycled through the chamber, where the final products can be produced via the reaction of
the precursors on the surface of the substrate.42 Recently, Loh and co-workers reported that they
had successfully produced high-quality MoS2 nanosheets with large sizes (Figure 2.7).43 The
thickness of the MoS2 could be precisely controlled if the induction location was separated from
the growth location. The size of the MoS2 nanosheets could reach as large as 305 µm, and the
thickness could reach as small as about 0.95 nm, indicating that it was single layer MoS2. This
growth strategy could also be applied to fabricate other TMDs nanosheets (MoSe2, WS2, etc.),
suggesting the universality of this method. Besides pure TMD nanosheets, alloyed TMDs
nanosheets, such as MoS2xSe2(1−x), MoxW1−xS2, and WS2xSe2(1−x), could also be produced via the
CVD technique

by modulating the experimental parameters.44-46 By modulating the

requirements of the chemical reaction, the selection of epitaxial growth mode (lateral or vertical)
could also be realized for the production of 2D TMD heterostructures. For example, Ajayan’s
group synthesized superior-quality WS2/MoS2 hybrids via the CVD technique, in which both
vertical and lateral growth could be realized by controlling the heating temperature.47
Specifically, vertical growth of WS2 is dominant at higher temperature, and otherwise, lateral
growth is regarded as the preferred growth mode. Atomically thin 2D nanomaterials
synthesized by the CVD method have the advantages of high quality, high purity, limited
defects, and controllable lateral size and thickness. The CVD technique always requires high
temperature and inert atmosphere, however, resulting in complicated operation procedures and
high cost.
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Figure 2.7 (a) Schematic illustration of the CVD method for the production of ultrathin MoS2
nanosheets. (b−d) Typical optical images of triangular MoS2 nanosheets. (e) The size
distribution of MoS2 nanosheets synthesized in different ways. (f, g) Typical AFM images of
MoS2 nanosheets. Reproduced with permission.43 Copyright 2016, Wiley-VCH.
2.2.4 Wet-Chemical Syntheses
Unlike the synthesis methods discussed above, wet-chemical synthesis, as an important part of
bottom-up approaches, is considered as an efficient strategy for the production of atomically
thin 2D nanoflakes with high production and yield. Wet-chemical syntheses can be defined as
methods in which certain precursors undergo chemical reactions under proper experimental
conditions in solution. Generally, wet-chemical syntheses can be classified into
hydro/solvothermal synthesis, the template-assisted method, the self-assembly method, and
others.
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As a typical wet-chemical synthesis method, the hydro/solvothermal method to synthesize
materials takes place in a sealed vessel containing the reaction medium: water, organic solvent,
or a mixture of water and organic compounds under high temperature (> boiling point) and high
pressure (1 MPa-1 GPa). Single- or few-layered nanosheets of TMOs and TMDs can be
prepared via the solvothermal method. For example, Dou’s group reported a general
solvothermal method to produce ultrathin 2D TMO nanosheets (e.g. Co3O4, WO3, TiO2, MnO2)
in ethanol, in which the poly(ethylene oxide)‒poly(propylene oxide)‒poly(ethylene oxide)
(P123) and ethylene glycol (EG) were used as surfactants.48 As shown in Figure 2.8a, the
surfactant would be transformed into inverse lamellar micelles in ethanol, which could
efficiently restrict the growth of precursor oligomers, resulting in the generation of layered
inorganic oligomer agglomerates. Note that the water ratio plays a crucial role in the formation
of lamellar micelles according to the phase behaviour of the surfactant-water-oil equilibrium
system. Furthermore, EG can act as a co-surfactant and co-solvent, which is very important for
stabilizing the lamellar phase. Finally, the atomically thin 2D TMOs nanosheets could be
obtained when the surfactant templates were removed. The ultrathin and highly crystallinity
properties of TiO2, ZnO, Co3O4, and WO3 can be observed in Figure 2.8b-i.
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Figure 2.8 (a) Schematic illustration of the molecular self-assembly method for the preparation
of 2D metal oxide nanosheets. (b-e) TEM images, and (f-i) high-magnification TEM images of
TiO2, ZnO, Co3O4, and WO3 nanosheets. The insets in f, g, h and i are high-resolution TEM
images of the crystal lattice structure of the nanosheets. Scale bar, 50 nm (b, c, d), 20 nm (e),
5 nm (f, g, h, i) and 1 nm (insets in f, g, h, i). Reproduced with permission 48 Copyright 2014,
Springer Nature.
Although the hydro/solvothermal method is regarded as a facile and scalable synthesis method,
the growth mechanism is difficult to investigate due to the closed system, so that it is hard to
adopt as a general strategy for producing different kinds of material systems. Moreover, this
method would change depending on the chemical reaction conditions due to its sensitivity, and
most of the 2D nanosheets produced by this method have been few-layered rather than onelayered. The template-assisted fabrication method is regarded as a facile and effective way to
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obtain anisotropic nanostructures. With regard to the synthesis mechanism, it is intended to
restrict the lateral growth by the use of template materials or just involves direct growth on
precursors acting as templates. Over the past few decades, many researchers have concentrated
on synthesis of ultrathin 2D nanomaterials via this template strategy. For example, with the
assistance of graphene oxide (GO) nanosheets as templates, Zhang’s group obtained hexagonal
Au nanoflakes around 2.4 nm in thickness by a wet-chemical synthesis strategy (Figure 2.9).49
Note that this is the first report on the synthesis of pure Au nanosheets with hexagonal close
packed (hcp) phase by this method, in which the hcp Au is demonstrated to be the most stable
phase at room temperature. The crystal phase of the Au nanosheets could be easily transformed
from hcp to the face-centred cubic (fcc) phase via surface ligand exchange. This efficient
template synthesis strategy can also be used to produce other noble metal nanosheets (e.g. Pt,
Ag, and Pd).
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Figure 2.9 Schematic illustration of the template-assisted (GO) synthesis process for hcp Au
square nanosheets. Reproduced with permission.49 Copyright 2011, Springer Nature.

2.3. Introduction of Electrochemical Water Splitting
Electrochemical water splitting has been regarded as an environmentally-friendly potential
strategy to generate hydrogen from water, since the electricity could be obtained from
sustainable solar energy and other sustainable sources.50-52 Hydrogen and oxygen are generated
from water electrolysis by two half-reactions: the hydrogen evolution reaction (HER) and the
oxygen evolution reactions (OER), although there is a charge transport loss in the water
electrolysis process. To enhance the charge transport efficiency, water electrolysis usually
proceeds in 1 M KOH or 0.5 M H2SO4 solution (Figure 2.10a). In alkaline and acidic solutions,
the reaction steps are different, as can be observed from Figure 2.10b. In theory, the
thermodynamic potential to trigger electrochemical water splitting is 1.23 V. If we convert the
potential into energy, the value is 237.1 kJ mol−1. High overpotential is always needed, however,
to drive water splitting in practice because of the unsatisfactory kinetics of the HER and OER.
Therefore, the potential of water electrolysis in practice is higher the theoretical potential value
(1.23 V).
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Figure 2.10 (a) Schematic illustration of traditional water electrolyzers, (b) HER and OER in
acidic (upper) and alkaline (lower) electrolytes. Reproduced with permission.53 Copyright 2018,
American Chemical Society.
2.3.1 Introduction of HER
The HER consists of multiple steps including adsorption, reduction, and desorption processes.
In acidic and alkaline solutions, the steps and overall reactions are definitely different, as is
shown in Table 2.1. Here, the “Volmer step” means the adsorption of hydrogen in an acidic
medium, while it refers to the dissociation of water in alkaline solutions. There are two kinds
of ways to get molecular hydrogen, including the Heyrovsky and the Tafel steps. The
Heyrovsky step refers to the combination of adsorbed hydrogen (H*) with the active site on the
electrocatalyst. The Tafel step refers to the combination of two adsorbed hydrogens. In practice,
these steps are decided by the inherent chemical and electronic properties of the surfaces of
electrocatalysts. Rate measurement is clearly very important when we evaluate the activity of
the HER electrocatalysts. It can also predict the HER reaction mechanism. The rate of the HER
can be evaluated via the hydrogen adsorption free energy (∆GH*).54 Specifically, hydrogen
adsorption is the rate-determining step if the adsorption interaction between hydrogen and the
surface of an electrocatalyst is weak. If the adsorption interaction is too strong, however, the
desorption step would become the rate-determining step. According to these considerations,
materials with hydrogen adsorption free energy close to zero eV will be considered as premium
HER catalysts, which promote the easy adsorption of catalysts and the desorption of H2 (Figure
2.11).55 Currently, various nanomaterials, such as transition metal dichalcogenides, carbides
and phosphides, have also attracted increasing research interest as HER catalysts.
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Table 2.1 HER steps and overall reactions in acid and alkaline media51

Figure 2.11 Schematic illustration of an HER volcano plot. Reproduced with permission.56
Copyright 2015, Wiley-VCH.
2.3.2 Noble Metal-Free Electrocatalysts for HER
2.3.2.1 Transition-Metal Dichalcogenides
Over the past few decades, TMDs, the most popular 2D HER electrocatalysts, have been
intensively investigated by many researchers. Typically, TMD materials are represented in the

24

Chapter 2 Literature Review

form of MX2, in which M is atransition metal atom (Mo, W, Ti, Nb, Sn, etc.) and X is the
chalcogen atom (S, Se, or Te). Owing to its layered structure, MoS2 is prone to form the 2D
morphology, which provides large surface area and 2D permeable channels for ion adsorption
and transport.57,

58

Moreover, the advantages of MoS2, such as relatively low cost, earth

abundance, high catalytic activity, and good stability, make it a promising alternative to noble
metals (Pt, Au) as an efficient catalyst for the HER.59-61 MoS2 has poor intrinsic electrical
conductivity, however, due to its large band gap (1.29 eV).62 In addition, 2D MoS2 tends to
restack due to its high surface energy as well as the van der Waals forces between the
interlayers.63 1T‐MoS2 is known to be catalytically active on both the edges and the basal plane,
but its instability limits practical applications.64 In comparison, only the edge sites of 2H‐MoS2
are active as demonstrated by density functional theory (DFT) calculations.61 Furthermore,
experimental identification of the active edge sites was also realized by preparing MoS2
nanoparticles (NPs) with different sizes and thus a varied distribution of surface sites. It was
found that the electrocatalytic HER activity correlates linearly with the number of MoS 2 edge
sites, further verifying that the edge sites are indeed active, while the inert basal plane leaves a
large area of MoS2 useless.65, 66 Therefore, effective strategies were explored to enhance the
HER performance of 2H‐MoS2, including exposing edge sites, optimizing the basal plane, and
enhancing electrical conductivity.
The maximum exposure of active edge sites can be achieved by constructing novel
nanostructured MoS2, such as vertical layers,67, 68 hollow structures,69 3D nanoflowers,70 defect‐
rich nanowalls,71 etc. Abundant exposed edges and step‐edges of MoS2 nanosheets with cracks
(Figure 2.12a) and holes (Figure 2.12b) were realized by using both oxygen plasma exposure
for different durations and hydrogen annealing methods at different temperatures.71 Xie's group
fabricated MoS2 ultrathin nanosheets incorporated with oxygen via a hydrothermal method,
leading to both structural and electronic benefits.62 The as‐obtained oxygen‐incorporated MoS2
25

Chapter 2 Literature Review

with expanded d‐spacing (9.5 Å) and controlled disordered structure provided sufficient
unsaturated sulfur atoms as active sites for the HER (Figure 2.12c). Meanwhile, the
conductivity of oxygen‐incorporated MoS2 was increased due to the reduced band gap of MoS2.
The optimized catalyst presented a low onset overpotential of 120 mV (Figure 2.12d), an
extremely large cathodic current density, and excellent stability. Besides activating the edge
sites, making full use of the MoS2 basal plane is also very beneficial to improve the HER
activity. The first activation and optimization of the basal plane of monolayer 2H‐MoS2 for the
HER were performed through introducing S vacancies and strain by Li et al.72 The introduced
S‐vacancy sites not only served as the active sites ,but also applied strain, further tuning the
HER activity (Figure 2.12e). As evidenced by the DFT calculations, S‐vacancies strengthened
hydrogen adsorption by simultaneous engineering the hydrogen adsorption free energy (ΔGH)
and the active site density. With a proper S‐vacancy range (9–19%), ΔGH was adjusted between
±0.08 eV, which was comparable to the ΔGH of active edge sites (0.06 eV) (Figure 2.12f). The
combination of S‐vacancy and strain gave the optimal ΔGH = 0 eV, endowing the optimized
MoS2 with excellent intrinsic HER activity. In addition, hybridising MoS2 with highly
conductive materials, including carbon‐based materials (e.g., graphene, carbon nanotubes
(CNTs), etc.)73 and noble metals (e.g., Au,74 Pt,75 Ag,76 and Pd77), has been proved to effectively
enhance the MoS2 HER activity due to improved electrical conductivity. For example, Tan et
al. developed a continuous monolayer MoS2 film grown on the curved internal surface of 3D
nanoporous gold (NPG) by a CVD method.78 The MoS2@NPG composite exhibited high
catalytic activity with a small Tafel slope (46 mV dec−1) and a low onset potential (−118 mV),
which was due to the high activity of MoS2 activated by lattice strain engineering and the
introduction of the superior conductivity of Au. In addition, 3D porous NiSe2 foam obtained by
selenizing commercial Ni foam was used as an active, stable and conductive skeleton to load
small ternary MoS2(1–x)Se2x particles, which exhibited superior HER performance, due to their
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merits of largely exposed edge sites, highly conductive support, and synergistic effects between
the two different catalysts.79 As suggested by the theoretical studies, the support interactions
with MoS2 have a critical effect on its hydrogen binding energy, leading to several orders of
magnitude difference in HER activity for supported MoS2.80 Taking graphene as a support for
example, a ΔGH close to thermoneutral (ΔEadh/Mo ≈ −0.30 eV) could be realized by controlling
the defect density of the graphene support, using doped graphene, and supporting graphene on
metals. This indicates the critical role of the support and the possibilities for optimal tuning of
the hydrogen binding of the supported MoS2.
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Figure 2.12 (a) SEM images of monolayer MoS2 with 0, 10, 20, and 30 s oxygen plasma
exposures, where the cracks appear in the basal plane. Both the density and width of the cracks
increase with longer exposure time. (b) SEM images of monolayer MoS 2 with 400, 500, 600,
and 700 °C H2 annealing, showing the appearance of small triangular holes. Reproduced with
permission.71 Copyright 2016, American Chemical Society. (c) Enlarged interlayer spacing
MoS2 via oxygen-incorporation. (d) Polarization curves of the oxygen-incorporated MoS2
ultrathin nanosheets. The inset image is an enlargement of the region near the onset.
Reproduced with permission.62 Copyright 2013, American Chemical Society. (e) Schematic
illustration showing top (upper panel) and side (lower panel) views of MoS2 with strained S‐
vacancies on the basal plane. (f) Free energy versus the reaction coordinates of HER for the S‐
vacancy range of 0–25%. Reproduced with permission.72 Copyright 2016, Springer Nature.
WS2 as a catalyst for the HER has been the subject of many reports. Most of the recent reports
were focused on coupling WS2 with conductive materials, such as graphene,81 Au82, and carbon
nanofiber83. In addition, some studies have been also concentrated on nanostructuring or
heteroatom doping. For example, He et al. synthesized WS2 nanosheets doped with Co without
any concomitant side phases for the first time via the two-zone CVD method.84 CoxW(1−x)S2
nanosheets were grown uniformly on the surface of W foil, and the composition of the as‐grown
material is revealed as Co, W, and S with an atomic ratio close to 1:32:66 (Figure 2.13). Since
the incorporation of Co modifies the electronic structure of the hybrid, the ternary CoxW(1−x)S2
nanosheets presented better catalytic performance than the pure WS2. WS2 required an
overpotential of 236 mV to reach a current density of 10 mA cm−2, which was much higher than
for CoxW(1−x)S2 nanosheets (121mV at 10 mA cm−2). Moreover, the Tafel slope of CoxW(1−x)S2
nanosheets (67 mV dec−1) is much smaller than that of pure WS2 (97 mV dec−1), further
reflecting the promotional effect of Co doping in WS2. Zhao et al. prepared WS2 nanodots by
liquid‐phase exfoliation of bulk WS2 crystals with the aid of ultrasonication.85 The WS2
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nanodots presented outstanding electrocatalytic properties with an onset potential as low as 90
mV and a Tafel slope of 51 mV dec−1. In addition, a Ravenala-leaf‐like WxC@WS2
heterostructure obtained via carbonizing WS2 nanotubes was successfully achieved by Wang et
al. This hybrid exhibited superior performance towards the HER with a low overpotential of
146 mV at 10 mA cm−2 and a Tafel slope of 61 mV dec−1, outperforming the performance of
WS2 nanotubes and its WxC counterparts under the same conditions.86

Figure 2.13 (a) SEM image, (b) high-resolution TEM (HRTEM) image (inset: selected area
electron diffraction (SAED) pattern), (c) energy dispersive X-ray spectroscopy (EDX) element
mapping of the ternary CoxW(1−x)S2, and (d) polarization curves of CoxW(1−x)S2, WS2, and Pt
foil. Reproduced with permission.84 Copyright 2016, Wiley-VCH.
In addition, MoSe2 has recently been revealed to be electrochemically active towards the HER.
Tsai et al. investigated the origin of the catalytic activity on MoSe2 using periodic DFT.87 The
Mo‐edge and the Se‐edge on MoSe2 were found to be the predominantly active facets for the
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HER, while the (001) basal planes were inert. It was thus suggested that an optimal catalyst
design should maximize the exposure of edge sites. Qu et al. synthesized the MoSe2/Mo coreshell hierarchical nanostructures using Mo 3D‐hierarchical nanostructures as a template via a
low‐temperature plasma‐assisted selenization method.88 TEM and HRTEM images (Figure
2.14a) revealed that the MoSe2/Mo nanoscrews hybrid possessed the core‐shell structure and
that MoSe2 monolayers epitaxially grew on the curved Mo surface, which may lead to out‐of‐
plane strain and lattice mismatch, thus resulting in exposure of more edge sites and defects
(marked by red arrows). The mixed MoSe2/Mo core-shell nanoscrews obtained at 400 °C
exhibited the highest catalytic activity among the composites obtained at different temperatures,
with a low Tafel slope of 34.7 mV dec−1, which is close to the theoretical value of 29 mV dec−1
and an low overpotential of −166 mV at current density, J = 10 mA cm−2, dominated by a
Volmer–Tafel reaction for the ideal HER process (Figure 2.14b). The high catalytic activity is
attributed to two aspects: 1) the increasing density of exposed edges because of the disordered
atomic arrangement, and 2) the metallic phase of the MoSe2 shell, providing fast charge transfer
with the optimized free energy of hydrogen. Xu et al. synthesized S‐doped MoSe2 nanosheets
by a simple oil‐phase method, in which a surfactant was employed to lower the surface energy
of edge sites, resulting in nanosheets with largely exposed edge sites.89 As shown in Figure
2.14c, the edges of (002) planes isare notably crooked, and the spacing distance is non‐uniform
due to the incorporation of S into MoSe2. Figure 2.14d reveals that the basal plane of S‐doped
MoSe2 nanosheets is composed of well-distributed nanodomains. As illustrated in Figure 2.14e,
the nanodomains would lead to ab increasing number of edge sites, and the unsaturated S and
Se along the domain walls are possible active sites for hydrogen ion adsorption. Moreover, with
proper S doping, the electrical conductivity was improved due to the decreased band gap of
MoSe2. The S‐doped MoSe2 catalyst exhibited highly active electrocatalysis with a current
density of 30 mA cm−2 at the overpotential of -156 mV and a small Tafel slope of 58 mV dec−1.
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It was demonstrated that the improved HER catalytic performance of S‐doped MoSe2 could be
ascribed to the proliferation of unsaturated active sites and the enhancement of the electrical
conductivity resulting from S‐doping. Moreover, coupling MoSe2 with a conductive substrate,
such as graphene,90 carbon nanotube,91 or carbon cloth,92 should be pursued strong objective in
order to expose more active sites and accelerate electron transfer within the catalysts.

Figure 2.14 (a) TEM images of Mo nanoscrews selenized at 400 °C, (b) Typical cathodic
polarization curves of selenized Mo nanoscrews selenized. Reproduced with permission.88
Copyright 2016, Wiley-VCH. (c) High‐magnification TEM and (d) HRTEM images of S‐
incorporated MoSe2, (e) schematic illustration demonstrating that the unsaturated edges of the
nanodomains on the S‐incorporated MoSe2 nanosheet (100) basal plane are active towards
proton adsorption. Reproduced with permission.89 Copyright 2014, The Royal Society of
Chemistry.
2.3.2.2 Transition Metal Carbides and Phosphides
Since Levy and Boudart discovered that tungsten carbide had superior HER performance in
1973, an increasing number of researchers have concentrated on investigating metal carbides
as HER electrocatalyst to replace noble-metal-based catalysts. Inspired by this work, Leonard’s
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group fabricated MoC in four different phases, including α-MoC1-x, γ-MoC, β-Mo2C, and ηMoC. Furthermore, their catalytic performance in acidic media was compared, which showed
the activity order of β-Mo2C > γ-MoC > η-MoC >α-MoC1-x. In addition, Wang’s group
synthesized composite materials, MoOx@g-C3N4, by dicyanamide condensation, in which
MoOx species are decorated on g-C3N4. Subsequently, the as-prepared sample was further
pyrolyzed at 800 °C to yield the Mo2C@carbon product, where Mo2C nanoparticles were
embedded in the carbon matrix (Figure 2.15a).93 As presented in Figure 2.15b, the
Mo2C@carbon composite features small nanoparticles less than 3 nm in size and 1-3 layered
graphene. The optimal composites exhibited excellent activity comparable to commercial Pt/C
in acidic solution. Specifically, it can be observed from Figure 2.15c and d that the best one
had a small overpotential of 78 mV at a current density of 10 mA cm-2 and a small Tafel slope
of 41 mV decade−1. This synthesis process was also successfully extended to the synthesis of
W2C nanoparticles as active HER electrocatalysts (Figure 2.15e-g).94 As important candidates
for HER electrocatalysts, transition metal phosphides have demonstrated that they have
excellent HER performance. For optimizing the performance of Ni2P, Hu et al. fabricated Ni2P
nanoparticles (10–50 nm) by a facile solid-state method, in which NaH2PO2 and NiCl2 were
adopted as precursors. Enhanced stability was delivered for the as-prepared Ni2P nanoparticles,
showing no performance deterioration at potential of 170 mV in 1 M H2SO4, even after 48 hours.
Further, Pu et al. adopted an electrodeposition and phosphidation method to successfully
synthesize Ni2P nanoparticles on Ti plates, in which nickel hydroxide nanoparticles and
NaH2PO2 were used as precursors.95 The as-synthesized Ni2P nanoparticles were tested as a
binder-free HER electrocatalyst, showing small overpotentials of 138 mV and 188 mV to reach
current densities of 20 and 100 mA cm-2, respectively.
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Figure 2.15 (a) Schematic illustration of the synthesis and (b) TEM images of Mo2C@carbon.
(c) iR-corrected linear sweep voltammetry (LSV) polarization curves and (d) capacitive current
at 0.3 V as a function of scan rate for Mo2C-x in 0.5 M H2SO4. Reproduced with permission.93
Copyright 2015, Wiley-VCH. (e) TEM images, (f) iR-corrected LSV curves, and (g) capacitive
current at 0.3 V as a function of the scan rate in 0.5 M H2SO4 of W2C nanoparticles. Reproduced
with permission.94 Copyright 2016, The Royal Society of Chemistry.
2.3.3 Introduction to the OER
As is well known, the OER can take place both in alkaline solution and in acidic solution, and
the mechanisms have been proposed, as presented in Figure 2.16.96 As presented in Figure
2.16, the OER has two routes to generate O2, including a direct combination of two O* (light
blue route) and the formation of the OOH* intermediate (black route). The bonding interactions
with intermediates are a common predictor for OER activity. In addition, the OER involves a
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complicated reaction with a series of consecutive steps. It has to be noted, however, that the
oxygen evolution reaction (OER) kinetics is sluggish owing to the complicated four-electron
transfer process, which is regarded as the bottleneck for electrochemical water splitting.
Developing highly active catalysts is critical for achieving accelerated reaction kinetics. To date,
ultrathin 2D nanomaterials, including TMOs, transition metal hydroxides, and their derivatives,
have been intensively studied as OER electrocatalysts.

Figure 2.16 OER steps in alkaline (red route) and acidic (green route) solution. Reproduced
with permission.96 Copyright 2017, The Royal Society of Chemistry.
2.3.4 Noble Metal-Free Electrocatalysts for the OER
2.3.4.1 Metal Oxides
As typical TMO nanomaterials, ultrathin CoOx, FeOx, and NiOx nanosheets have been widely
reported as promising candidates for OER electrolysis because of their moderate intrinsic
properties, including large specific surface area, rapid mass transport, etc.97 Xie’s group
synthesized ultrathin porous Co3O4 nanosheets via fast annealing of CoO nanosheets (Figure
2.17).98 The as-prepared ultrathin nanosheets showed porous morphology, and the thickness
was around 0.43 nm. Owing to the ultrathin thickness and porous morphology, the as-prepared
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Co3O4 nanosheets showed excellent OER performance. Specifically, the current density of the
ultrathin porous Co3O4 nanosheets could reach 341.7 mA cm−2 at 1.0 V vs. Ag/AgCl, which is
roughly 50 times larger than that of pristine Co3O4. According to the DFT calculations, the
superior OER performance can be ascribed to the low-coordinated surface Co3+ atoms, which
are beneficial for the adsorption of water. Moreover, the porous Co3O4 nanosheets have fast
electron transport, facile surface reactions, and easy electrolyte infiltration, which is also
beneficial for accelerating the OER kinetics. Because of the higher covalency of M-O bonds,
TMO nanomaterials are regarded as promising materials for OER electrocatalysts, since the eg
orbital occupancy approaches unity for surface cations such as Ni3+(t2g6eg1).99 As a matter of
fact, bulk NiO has an ordinary electronic structure of t2g6eg2, indicating unfavourable OER
activity. By introducing abundant surface defects, however, the electronic structure of Ni2+
centres can be altered, resulting in favourable Ni3+ sites.100 Besides defects, heteroatom doping
can also engineer the electronic structure of 2D TMOs, resulting in improvement of the OER
performance. For instance, Boettcher et al. reported a solution synthesis method to obtain a
series of TMO electrocatalysts with a thickness of 2-3 nm, including NiOx, CoOx, NiyCo1−yOx,
Ni0.9Fe0.1Ox, IrOx, MnOx, and FeOx, and it was demonstrated that Ni0.9Fe0.1Ox has the best OER
activity.101 Recently, LiCoO2, as a typical cathode materials for lithium ion batteries, has drawn
much attention for its application in the OER owing to its superior electrocatalytic performance
and stability. Gardner et al. demonstrated that Li+ partly deintercalates from LiCoO2 under OER
testing conditions, which would result in structural reformation that would generate the cubic
spinel LiCo2O4.102 Cubic LiCoO2 nanoparticles show decent overpotential and a low Tafel slope
in bothneutral and basic media. To further enhance the OER performance of LiCoO2, Shao et
al. synthesized layered LiCo0.8Fe0.2O2 by doping Fe into LiCoO2.103 They demonstrated that a
moderate content of Fe in LiCoO2 leads to excellent synergistic coupling effects between Fe
and Co. Specifically, this would result in the optimum electronic structure on the surface of Co,
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higher content of species of O22−/O−, favourable electronic transport, and oxygen desorption.
Thus the as-prepared catalyst delivered substantially enhanced OER performance compared to
the pure LiCoO2. Specifically, the overpotential and Tafel slope of Fe-doped LiCoO2 could
reach values as small as 340 mV and 50 mV dec-1, respectively. Furthermore, Dou’s group
developed a combination of Mg doping and shear force‐assisted exfoliation strategies to
improve the OER performance of LiCoO2.104 As shown in Figure 2.17h, a solid‐state reaction
method was adopted to synthesis Mg-doped LiCoO2 (LCMO), and then it was exfoliated into
few-layered LiCo0.95Mg0.05O2 nanosheets (ELCMO). The ultrathin, flake-like nature of the
ELCMO nanosheets is also evidenced by the TEM image (Figure 2.17i), indicating the
successful exfoliation from bulk LCMO to few-layered ELCMO nanosheets. In addition, Mg
was homogeneously distributed on the ELCMO nanosheets, which is supported by the STEM
mapping (Figure 2.17j). The as-prepared LiCoO2 (LCO)-based materials were adopted as OER
catalysts to test their electrocatalytic performance in 1.0 M KOH solution. As exhibited in
Figure 2.17k, the catalytic performance of pristine LCO is greatly enhanced after Mg doping
or exfoliation, and ELCMO delivers the best catalytic activity with an overpotential of 329 mV
at a current density of 10 mA cm-2. In this work, the strategy of combining Mg doping and the
exfoliation process could effectively modulate the electronic structure of Co and the covalency
of Co–O, thereby maximizing the exposure of active sites, which eventually produced notably
enhanced OER performance.
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Figure 2.17 (a, b) TEM images, (c) AFM image with line profile of porous Co3O4 atomicallythin sheets, (d) LSV polarization curves of porous Co3O4 atomically-thin sheets, bulk Co3O4
and 20 wt% Pt/C, respectively, (e) Calculated value of adsorption energy for H2O molecules on
Co3+ with different coordination numbers, (f) Crystal structure of different coordination
numbers for surface and pore-surrounding Co3+ atoms, and (g) superiority of the porous Co3O4
atomically-thin sheets as OER electrocatalysts. Reproduced with permission.98 Copyright 2014,
The Royal Society of Chemistry. (h) Schematic inllustration of the production of few-layered
Mg-doped LiCoO2 nanosheets, (i) TEM image and (j) STEM mapping for ELCMO, (k) LSV
curves of LCO, LCMO, ELCO, and ELCMO in 1 M KOH, with the overpotential in the inset.
Reproduced with permission.104 Copyright 2019, Wiley-VCH.
37

Chapter 2 Literature Review

2.3.4.2 Transition-Metal Hydroxides and Double Hydroxides.
Layered transition metal hydroxides with comparatively open structures provide fast mass
transport, and therefore, the electrocatalytic active sites can be easily available. Ni(OH)2 is
regarded as a promising candidate OER electrocatalyst, and it has two different crystal phases:
α and β. Gao and co-workers synthesized α-Ni(OH)2 and β-Ni(OH)2, and they demonstrated
that α-Ni(OH)2 is more active and stable than β-Ni(OH)2 in alkaline solution.105 Besides the
crystal phase, the surface area, oxidation states, and morphology also influence the OER activity
of metal hydroxides. For instance, Wei et al. produced ultrathin γ-CoOOH nanosheets with a
thickness of 1.4 nm, in which the layered α-Co(OH)2 sheets are precursors.106 When tested as
an OER catalyst, it delivered an overpotential of 300 mV, which is 74 mV smaller than that of
bulk CoOOH and even lower than that of IrO2 (330 mV).
Compared with single metal hydroxides, LDHs have higher electrocatalysis activity owing to
their electron transfer and orbital transitions. Recently, Ni/Co-based LDHs have been
demonstrated to be very promising OER catalysts due to their earth-abundance, high
electrocatalytic activity, and good stability.107,

108

In particular, NiFe LDH, which can be

considered as Fe3+-doped Ni(OH)2, has been extensively studied owing to its extraordinary
electrocatalytic activity, and intensive research efforts have been made to further enhance the
catalytic performance of NiFe LDH by tuning its chemical composition and/or engineering
various nanostructures.109-111 It should be noted that most reports have focused on coupling
NiFe LDH with conductive carbonaceous materials (e.g., graphene, carbon nanotubes).112-114 In
this regard, the catalytic activity is basically enhanced by accelerated charge-transfer kinetics
and synergistic effects. For example, Dai’s group were the first to compare the OER
performance of NiFe LDH with or without carbon nanotubes as support (Figure 2.18a).109 They
prepared an ultrathin NiFe LDH/CNT composite by a high temperature solvothermal method,
in which the ultrathin NiFe LDH nanoplates (~5 nm) were covalently attached to multi-walled
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carbon nanotubes (Figure 2.18c). As a result, the prepared catalyst showed superior OER
activity including ultra-small overpotential and a low Tafel slope (250 mV at a current density
of 5 mA cm-2 and 31 mV decade-1) in 1 M KOH solution (Figure 2.18b). Without the addition
of nanotubes, the NiFe LDH nanoplates showed inferior OER performance with an
overpotential of 280 mV because of their relatively low electronic conductivity. The NiFe LDH
nanoplates exhibited ultrahigh electrocatalytic activity, however, and stability for at least four
days if they were loaded on highly conductive Ni foam (Figure 2.18d).

Figure 2.18 (a) Schematic illustration of the NiFe-LDH/CNT hybrid architecture and the NiFe
LDH structure. (b) LSV curves of NiFe-LDH/CNT composite and commercial Ir/C catalyst on
carbon fiber paper (CFP) in 0.1 and 1 M KOH media. (c) TEM image of the NiFe-LDH/CNT
hybrid. (d) Chronopotentiometry of NiFe LDH/Ni foam performed at a current density of 20
mA cm-2. Reproduced with permission.109 Copyright 2013, American Chemical Society.
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Little attention has been paid to enhancing the intrinsic activity and/or increasing the active
sites of NiFe LDH. For most transition-metal-based 2D materials, the active sites are mainly
located at the edges, and the oxidation reaction to generate a catalytically active phase with high
valence is hindered by the close-packed basal planes to some degree.102, 107 Hence, activating
these basal planes is vital to further enhance the catalytic activity of nanostructured NiFe LDH.
According to previous reports, Al3+ can be utilized to modulate the surface electronic structure
of LDHs, including creating vacancies and increasing the fraction of low-coordination active
sites. For instance, Jin et al. synthesized ultrathin Ni3FeAlx trinary LDH nanosheets via
substitution and etching of Al3+, as can be observed from Figure 2.19.115 With the increase in
Al3+, the surfaces of the Ni3FeAlx-LDH nanosheets become rougher, and the crystallinity
becomes lower. The Ni3FeAl0.91-LDH nanosheets exhibited excellent OER performance with
an overpotential of 350 mV at a current density of 13.2 mA cm−2, much lower than for Ni3FeLDHs. The superior OER performance of the as-synthesized Ni3FeAlx-LDH nanosheets can be
attributed to the increased active sites of Ni3+ on their surfaces. Moreover, the partial
etching/dissolution of Al3+ would induce more defect sites in the Ni3FeAlx-LDHs, increase the
electrochemically active surface area, and expose more Ni and Fe active sites, thus leading to
improvement of the OER performance.
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Figure 2.19 (a) Schematic illustration of the preparation of Ni3FeAlx-LDH nanosheets, (b-e)
TEM images of as-prepared ultrathin Ni3FeAlx-LDH nanosheets, (f) LSV polarization curves
of Ni3FeAlx-LDH nanosheets. Reproduced with permission.115 Copyright 2017, Elsevier Ltd.
2.3.4.3 Metal−Organic Framework-Based Materials
Recently, 2D metal−organic framework (MOF) nanosheets have drawn increasing attention for
electrocatalysis due to their unique characteristics, including superior electron transfer rates,
high exposure of active sites (unsaturated metal), and tunable surface atomic structures.116, 117
Recently, Rui et al. prepared ultrathin 2D Ni‐MOF@Fe‐MOF composites via a simple
precipitation method with the assistance of ultrasonication, as illustrated in Figure 2.20.117 To
achieved a current density of 10 mA cm−2, the as-synthesized 2D hybrid nanosheets only
required an overpotential as low as 265 mV, which is much smaller than that of commercial
IrO2 (365 mV). The excellent performance of these hybrid nanosheets can be attributed to the
ultrathin thickness of the nanosheets and the interactions between Ni and Fe species. More
importantly, the real active sites can be ascribed to the oxide nanoparticles converted from the
hybrid MOFs during the OER process.
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It is well known that most MOF materials exhibit low electrical conductivity, which would
result in poor catalytic performance. Thus, coupling 2D MOFs with conductive carbon-based
materials to construct hybrid materials would greatly enhance the electronic conductivity and
thus enhance the catalytic performance. For example, Huang’s group designed and synthesized
a MXene-MOF hybrid material via an interdiffusion reaction method, in which the hybrid was
composed of cobalt 1, 4-benzenedicarboxylate on the surfaces of Ti3C2Tx nanosheets (Ti3C2TxCoBDC).118 The resulting hybrid material showed superior OER performance with
overpotential of 410 mV at current density of 10 mA cm−2 and Tafel slope of 48.2 mV dec−1 in
0.1 M KOH, outperforming the individual components (CoBDC and Ti3C2Tx).

Figure 2.20 (a) Schematic illustration of fabrication of Ni‐MOF@Fe‐MOF hybrid nanosheets,
(b) TEM image, and (c) LSV polarization curves of Ni‐MOF@Fe‐MOF hybrid, Ni‐MOF, Fe‐
MOF and IrO2. Reproduced with permission.117 Copyright 2018, Wiley-VCH.
2.3.4.4 Other Metal-Based Materials
Recently, transition-metal nitrides, carbides, phosphides, and borates have drawn everincreasing attention as OER electrocatalysts because of their superior physico-chemical
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properties.119-122 For example, Xie et al. synthesized ultrathin 2D metallic Ni3N nanosheets with
thickness of about 3 nm. Because of their superior conductivity and disorder structure, the asprepared Ni3N nanosheets delivered catalytic activity that was significantly enhanced over
those of pristine Ni3N and NiO nanosheets. Despite the high OER activity of transition-metal
sulfides, selenides, nitrides, and phosphides, they have poor stability in corrosive and oxidizing
solutions. Especially at high overpotentials, these materials can be easily oxidized to metal
oxides or hydroxides. Therefore, in order to confirm the true catalytically active sites, surfacesensitive structural characterization analysis before and after OER tests should be carried out.
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3.1. Overview
In this thesis work, one or few-layered TMDs nanosheets (NbS2, NbSe2, MoS2, MoSe2, WS2,
WSe2, SnS2, and SnSe2) were synthesized via a strain discrepancy-assisted exfoliation method.
As typical HER and OER catalysts, MoSe2 and Ni(OH)2 nanosheets were synthesized by a
facile hydrothermal/solvothermal method. Subsequently, the constitutuents, morphologies, and
structured of these as-synthesized 2D materials could be acquired with the help of some
advanced techniques, including XRD, inductively coupled plasma – atomic emission
spectroscopy (ICP-AES), TEM, ultraviolet-visible (UV-vis) absorption, Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and AFM.
Meanwhile, the electrochemical measurements of these as-prepared samples could be collected
with a view to their application in HER and OER catalysis, and LIBs. Finally, the internal
connections between electrochemical performance and physical properties (e.g., morphology,
structure, constitutuents, and valence state) were explored in depth.

3.2. Chemicals and Materials
The chemicals and materials used in this work are presented in Table 3.1.
Table 3.1 Chemicals and Materials
Chemicals

Formula

Purity (%)

Supplier

Niobium

Nb

99.8

Sigma-Aldrich

Molybdenum

Mo

99.9

Sigma-Aldrich

Tungsten

W

99.9

Sigma-Aldrich

Tin

Sn

>99

Sigma-Aldrich

Sulphur

S

>99

Sigma-Aldrich
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Selenium

Se

>99.5

Sigma-Aldrich

Ethanol

C2H5OH

Reagent

Acetone

C3H6O

Reagent

isopropanol

C3H8O

Reagent

N,N-Dimethylformamide

99.8

Chem-Supply
Pty.
Ltd.
Chem-Supply
Pty.
Ltd.
Chem-Supply
Pty.
Ltd.
Sigma-Aldrich

N-methyl-2-pyrrolidone
(NMP)

99.5

Sigma-Aldrich

N/A

Sigma-Aldrich

Ethylene carbonate

99

Sigma-Aldrich

Diethyl carbonate

99

Sigma-Aldrich

Polyvinylidene difluoride

(CH2CF2)n

Lithium
hexafluorophosphate
Potassium hydroxide

LiPF6

99.99

Sigma-Aldrich

KOH

85

Sigma-Aldrich

Sulfuric acid

H2SO4
5

Sigma-Aldrich

Nafion

Nickel(II) nitrate
hexahydrate
urea

H12N2NiO12

99.999

Sigma-Aldrich

CH4N2O

N/A

Sigma-Aldrich

Ethylene glycol

(CH2OH)2

99

Sigma-Aldrich
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Cobalt nitrate
hexahydrate
Hexamethylenetetramine

CoH12N2O12

98

Sigma-Aldrich

C6H12N4

99

Sigma-Aldrich

Iron chloride

FeCl3

97

Sigma-Aldrich

Sodium molybdate
dihydrate
Sodium borohydride

Na2MoO4·2H2O

99

Sigma-Aldrich

NaBH4

98

Sigma-Aldrich

L-cysteine

C3H7NO2S

97

Sigma-Aldrich

3.3. Characterization Techniques
3.3.1 XRD
XRD is regarded as a basic and fast characterization technique to confirm the phases and
structures of products, and information on unit cell dimensions can be calculated from XRD
results. X-ray diffraction can emerge when there is distinct interference between X-rays and
samples with decent crystallinity. The generation of final useful X-rays goes through a series
of stages, which are the generation of raw X-rays in the cathode ray tube, the formation of
monochromatic radiation via filtration, collimating to concentrate the X-rays, and lastly
directing the X-rays onto the sample. The distinct interference induced by the incident rays and
material can be produced only when Bragg's Law conditions are met (2dsinθ = nλ). Here, d
represents the lattice spacing, θ represents the incident angle between the X-rays and the lattice
plane, n means the order of reflection, and λ represents the wavelength of the incident X-rays.
The crystal structures of the 2D nanomaterials in this doctoral work were characterized on a
GBC Scientific Equipment LLC X-ray powder diffractometer with Cu Kα radiation.
3.3.2 XPS
XPS can be utilized to measure the surface chemistry of products, which includes their
elemental composition, empirical formula, and chemical or electronic states. With regard to the
generation mechanism of XPS spectra, the irradiation of X-rays on the surface of a sample
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results in the escape of electrons from the surface (< 10 nm). Meanwhile, the kinetic energy and
the number of escaped electrons can be measured and analysed. In this thesis, the XPS spectra
of products were obtained on an XPS Thermo ESCALAB 250Xi instrument with Al Kα as the
excitation source. Processing and fitting of the XPS data were conducted using CasaXPS 2.3.15
software. All XPS data was calibrated by the standard value of the XPS peak of C 1s (284.6
eV).
3.3.3 Raman Spectroscopy
Raman spectroscopy is regarded as a mild chemical analytical technique, because it is nondestructive to samples. Raman spectroscopy can give detailed information on specimens, such
as their chemical bonding, crystallographic orientation, and crystal structure. The interaction of
light with the chemical bonds in samples will lead to a shift in the energy of laser photons,
which reveals information on the vibrational modes of the samples. Raman spectroscopy is a
widely used technique for the characterization of 2D materials (TMDs, graphene, BN, etc.). In
this doctoral work, the Raman spectra of samples were obtained using a Raman JY HR800
spectrometer (He-Ne gas laser, λ = 632.81nm).
3.3.4 TEM
TEM is a characterization tool that is widely used to observe a sample’s morphology and crystal
structure, where an electron beam is transmitted through the sample to generate an image. The
thickness of the sample should not be too thick (< 100 nm), since otherwise, the electron beam
cannot successfully pass through the material. Nowadays, TEM is indispensable regarding
nanomaterial characterization. Moreover, the interaction between the electrons and the sample
results in transmitted electrons, X-rays, scattered electrons, etc. With the help of several
accessories, this additional information can be collected, and hence, it can be used to obtain indepth information on the atomic and electronic structures. Selected area electron diffraction
(SAED) is also a useful crystallographic characterization tool, which can be performed in the
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TEM instrument. SAED can be used to confirm crystal structures and investigate crystal defects.
The morphology and crystal structure of the as-prepared products were investigated using a
JEM-2010 transmission electron microscope (TEM) operated at 200 kV. Energy dispersive Xray spectroscopy (EDS) mapping images were acquired on an FEI Talos F200X, equipped with
four symmetrical EDS signal detectors and operated at 200 kV.

3.4 Electrochemical Measurements
3.4.1 Three Electrode System Setup
All electrochemical tests were performed in a standard three-electrode system using a
WaveDriver 20 electrochemistry workstation (Pine Research Instruments, US) and a VSP-300
electrochemical workstation (BioLogic Science Instrument, France) under ambient conditions.
For the preparation of the working electrode, 4.0 mg of catalyst was dispersed in 1 mL of a
water/isopropyl alcohol mixed solution with a volume ratio of 3/1, containing 30 μL of Nafion
solution (5 wt %). The above suspension was then sonicated for at least 1 h to obtain a
homogeneous ink. A 10 μL portion of the catalyst ink was drop-casted onto a glassy-carbon
electrode (GCE) with a diameter of 5 mm, and the mass loading on the GCE was 0.204 mg
cm−2. Hg/HgO and Ag/AgCl were taken as the reference electrodes in 1.0 M KOH and 0.5 M
H2SO4. Graphite stick and a Pt mesh electrodes were counter electrodes for the HER and OER,
respectively.
3.4.2 Overpotential
Overpotential can be defined as the difference between the thermodynamically determined
potential of an electrochemical reaction and the experimentally observed potential,1 which is
regarded as the most important parameter to evaluate the performance of electrocatalysts.
Linear sweep voltammetry (LSV) is commonly carried out to acquire the overpotential. In order
to reduce the non-faradic current, we usually use comparatively low sweep rates (e.g., 2 mV s–
1

, 5 mV s–1) to carry out the electrochemical tests. In the water electrolysis system, the overall
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overpotential actually originates from activating the chemical reaction, compensation for the
diffusion of electric charges, and the series resistance. To be precise, the activation
overpotential represents the electrocatalytic properties of a material. In addition, there are extra
overpotentials in the water electrolysis system, which result from the solution and liquid
connection resistance and the transport of charge-carriers. Therefore, we should precisely
obtain the activation overpotential when we evaluate the OER or HER performance of catalysts.
To collect the LSV curves, we often use a rotating disk electrode (RDE) system, which can
efficiently reduce the diffusion overpotential. At the same time, the resistance overpotential can
be calculated, and the activation potential can be expressed as:
𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐸𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 − 𝐼𝑅

(3.1)

Here, I represents the current, and R represents the ohmic resistance in the water electrolysis
system. Conventionally, the overpotential at 10 mA cm–2 is introduced as a benchmark for
evaluating the performance of electrocatalysts.2, 3
3.4.3 Tafel Slope
The Tafel slope is defined as the overpotential increment necessary to raise the current density
by ten-fold. The Tafel slope can be calculated by finding the slope of the linear region of a Tafel
plot (overpotential vs. log |current density|). The Tafel slope can reflect the electrocatalytic
mechanism. On a single electrode the Tafel equation can be expressed as:
𝑖

η = 𝐴 × log(𝑖0)

(3.2)

Here, η represents the overpotential, A denotes the Tafel slope, i represents the current density
and i0 represents the exchange current density. In this regard, a smaller Tafel slope as illustrated
in eqn (3.2) indicates that current density can increase faster with smaller overpotential change
(i.e., faster reaction rate constant), which implies good electrocatalytic kinetics. In addition,
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Tafel slope provides valuable and insightful information toward the mechanism of the reaction,
especially for elucidating the rate-determining step.
In a single-electron transfer reaction, the transfer coefficient (α) usually refers to symmetry
factor (β) and can be recognized as Eq. 3.3. In most cases, the symmetry factor (β) is estimated
to be 0.5 since the overpotential (η) is usually much smaller than the re-organization energy (λ).
According to this assumption, the Tafel slope for a single electron reaction can be calculated to
be 120 mV dec−1, which indicates that the rate-determining step in the electrochemical system
is controlled by the single-electron transfer step.4
1

𝜂

α = β =2 + 𝜆

(3.3)

For electrochemical systems, it is much more complex since electrochemical systems often
consist of a series of consecutive reaction steps. These steps can be either electron transfer steps
or chemical steps such as dissociation reactions. The transfer coefficient, derived by Bockris
and Reddy,5 for a multiple-electron reaction is shown in Eq.3.4, where nb is the number of
electrons that transfer back to the electrode before the rate-determining step, ν is the number of
rate-determining steps that have taken place in the overall reaction, and nr is the number of
electrons that participate in the rate-determining step. Once the rate-determining step is an
electron transfer step, nb is equal to 1 while the value of nb is 0 in the case of chemical reaction
step.
𝑛

αa = 𝑉𝑏 +  𝑛𝑟 β

(3.4)

This simple equation is a very powerful tool for predicting the rate-determining step. For
example, if the rate-determining step is the chemical reaction, after one-electron transfer, the
values of nb and ν are equal to 1 while the value of nr is 0. Consequently, the transfer coefficient
is unity and the Tafel slope becomes 60 mV dec−1. In some systems such as OER (a four-
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electron transfer system), if the rate-determining step is the third electron transfer step, nb and
ν are estimated to be 2 and 1 (nr and β are 0), respectively. As a result, the transfer coefficient
and Tafel slope are calculated to be 2 and 30 mV dec−1, respectively. Recently, the theoretical
value of Tafel slope for the Volmer, the Heyrovsky and the Tafel step in HER reaction has been
calculated and reported in many literatures, which is 120, 40 and 30 mV dec–1, respectively.6, 7
For instance, the Tafel slope for the commercial 20 % Pt/C in 0.5 M H2SO4 is reported close to
30 mV dec–1, which indicates that Tafel step is the rate-determining step in this reaction.
Apparently, different Tafel slopes implicate different rate-determining steps. In a given system,
the transfer coefficient and the corresponding Tafel slopes are closely correlated to the electrons
involved in the reaction. In a consecutive reaction, a smaller Tafel slope suggests that the ratedetermining step is at the ending part of the multiple-electron transfer reaction, which indicates
it is good electrocatalyst.
3.4.4 Turnover Frequency (TOF)
The TOF reflects the intrinsic catalytic activity of electrocatalysts, which is the number of
reactants that the electrocatalyst can transform into the final product in each active site per unit
of time.8, 9 According to the definition, the TOF value of electrocatalyst can be expressed as:
𝑗𝐴

TOF = 4𝑛𝐹

(3.5)

Here, j is the current, A represents the area of the working electrode, n represents the number
of moles of the active electrocatalysts, and F represents the Faraday constant (96485 C mol–1).
Obviously, it is very important to define and calculate the number of active sites to get a
reasonable TOF. It is well known that only part of the atoms in an electrocatalyst are
catalytically active. The TOF is still meaningful, however, when we evaluate the
electrocatalytic performance of similar kinds of materials.
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3.4.5 Electrochemically Active Surface Area (ECSA)
The intrinsic activity of electrocatalysts is commonly defined as the specific activity which is
the current per unit catalyst surface area. While the precise assessment of intrinsic activity
highly depends on the reliable measurement of catalyst surface area. Despite the variety of
techniques for surface area measurement, it is widely accepted that the best way to extract
specific activity is using the surface area measured by an electrochemical method, also known
as electrochemically active surface area (ECSA) measurement. The ECSA of electrocatalysts
is usually measured by two types of methods: the surface redox reaction and non-faradaic
double layer capacitance (CDL).10 The CV peak denoting oxidation/reduction of electrocatalyst
is expected to quantify the ECSA, because the coulombic charge under the CV peak is
quantitatively associated with the number of electrochemically accessible surface atoms.
However, the accuracy of this method is comparatively low and there are some limitations and
challenges via utilizing CV peaks for measuring the ECSAs. First, it is not understood whether
the CV peak of metal cations is associated with the redox reaction within one monolayer or
multilayers, which affects the estimation of specific charge. Second, the specific charge of the
same metal oxide might vary with the synthesis method, surface orientation, etc. Third, the
number of electrons transferred per metal site is usually determined by assumption, which
possibly deviates from the true situation. Fourth, integrating the CV peak could be difficult to
unambiguously extract the coulombic charge for the redox of metal cations.
Owing to the lack of knowledge on the surface redox reaction at electrocatalysts, double layer
capacitance is currently the most popular method for measuring the ECSAs. The double layer
capacitance is estimated at various scan rates (e.g. 10, 20, 50, 100, and 200 mV s-1) within a
certain voltage window (non-faradaic current response). In the middle of the potential window,
the double layer capacitive current (ic) is taken as either the anodic or the cathodic current or
the average of the anodic and cathodic currents. The ic is plotted against the scan rate v, and ic
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follows the expected linear behavior of an ideal capacitor with scan rate v, given by ic = vCDL.
The slope of this straight line is CDL, which is converted to ECSA via a specific capacitance.11
Although the accuracy of this double layer capacitance method is medium-high, the limitations
cannot be neglected. Firstly, a lack of well-accepted tabulated specific CDL, which might vary
with the electrode potential, surface structure, electrolyte composition/concentration, etc.
Secondly, the CDL measurement can be convoluted by some side reactions, e.g. corrosion,
intercalation, and specific adsorption. Lastly, only reliable in the case that catalysts have high
electrical conductivity.
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Chapter 4
Strain Discrepancy-Assisted Liquid Exfoliation for Large-Scale
Production of Few-Layered Transition Metal Dichalcogenides
4.1 Introduction
2D nanomaterials, especially transition metal dichalcogenides (TMDs), with atomically thin
crystal layers bound via the van der Waals attractions, are increasingly being investigated in
electronics, optoelectronics, sensing, catalysis, and energy conversion and storage applications
due to their superior physicochemical properties.1-6 It is well known that the catalytic activity
and electronic properties of TMDs have close relationship with the number of layers.7,

8

Furthermore, the practical applications require industrial-scale production of high quality
TMDs nanosheets at low cost. Large-scale production of single or few-layered TMDs, however,
still remains a great challenge. To date, as reported in previous literatures, mono- or few-layered
TMDs nanosheets are mostly prepared by micromechanical exfoliation,9-11 (electro)chemical
exfoliation through intercalation,12-15 liquid-phase exfoliation,16-18 and so on. Although
mechanical cleavage is a simple method, it is usually conducted on a small scale and suffers
from low production rate.19 As for chemical exfoliation, it usually necessitates intercalating
small species (i.e., organic molecules, alkali metals) into the interlayer spaces to reduce the van
der Waals force between layers. And, this exfoliation process has drawbacks associated with
time-consuming, sensitive to environmental conditions, and difficult to control the intercalation
degree.20 Electrochemical exfoliation has been developed to exfoliate the layered solids (i.e.,
MoS2, graphite) via a controllable lithium-intercalation process.21 Although this process can be
monitored and finely controlled, the high cost and low yield still severely hinder its wide
application. The sonication-/shear force-assisted liquid-phase exfoliation process, which is
conducted in nonvolatile organic solvents or mixed solvents, has been considered as one of the
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simplest and most common methods for preparing few-layered 2D nanosheets.22 A flaw of this
method is that the use of organic solvents with high boiling point or surfactants will impede its
further applications (e.g., electronics, optoelectronics, and catalysis). Furthermore, the lateral
size of the exfoliated nanosheets is relatively small because the sonication/shear force would
break down the large nanosheets into small fragments. It should also be noted that the
sonication-assisted exfoliation process is very time-consuming and has a quite low production
rate as well. Therefore, it is of critical urgency to develop new strategies to prepare ultrathin
few-layered nanosheets, which should fulfil the following criteria: high quality, high production
rate, free of toxic components, and scalability.
Here, we report a simple, efficient, low-cost, and environmental-friendly exfoliation process
for the preparation of high-quality ultrathin TMDs nanosheets in a large scale. The driving force
of exfoliation comes from two aspects: i) the strain discrepancy induced by the temperature
difference between the interior and exterior of TMDs; and ii) huge vapour pressure resulting
from the drastic gasification of the solvent medium. This newly developed exfoliation process
turns out to be universal for producing a series of TMDs nanosheets. By precisely controlling
the temperature and solvent, high-quality TMDs nanosheets with a narrow thickness
distribution can be quickly prepared in large quantities.

4.2 Experimental Section
4.2.1 Materials Preparation
4.2.1.1 Preparation of Bulk TMDs
Bulk NbS2, MoS2, WS2, SnS2, NbSe2, MoSe2, WSe2, and SnSe2 powders were prepared via a
typical solid-state reaction, and corresponding transition metal and sulphur or selenide powders
were used as the precursors. Taking the preparation of bulk NbS2 powders as an example,
niobium and sulphur powders with a molar ratio of 1:2 were firstly thoroughly mixed and
grinded. Then the mixture was transferred to a quartz tube, which was evacuated and sealed.
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Finally, the mixture was calcined at 800 °C for 48 h in a muffle furnace. The preparation process
of MoS2, WS2, NbSe2, MoSe2, and WSe2 was the same as that of NbS2, except that Nb was
replaced by the corresponding transition metal and/or S was replaced by Se. For the preparation
of SnS2 and SnSe2 powders, the calcination temperature was reduced to 550 °C.
4.2.1.2 Exfoliation of TMDs
In a typical exfoliation process, bulk NbS2 powders (500 mg) were added into a three-neck flask
(100 mL) equipped with reflux condenser with Ar purging for 0.5 h, and then the powders were
heated to 300 °C (200 °C, 400 °C). After keeping this temperature for 0.5 h, 10 mL ethanol or
other solvents like acetone, IPA, H2O, DMF, NMP was poured into the flask quickly until it
was gasified completely. Owing to different boiling point of liquid, the time required for
complete evaporation is not the same varying from 5 to 30 min. Subsequently, the powders
were heated to 300 °C (200 °C, 400 °C) again. The above operation was performed repeatedly
for 4 times. NOTE: The whole experiment was carried out in a fume cupboard. The products
were collected after cooling down to room temperature. Afterwards, the as-prepared products
were dispersed into water and sonicated in an ice bath for 0.5 h. Then the non-exfoliated NbS2
particles could be removed from the dispersions by centrifugation at 1000 rpm for 15 min, and
the exfoliated NbS2 nanosheets were obtained after centrifugation at 5000 rpm for 15 min.
Finally, the sediment can be redispersed into H2O or IPA for further applications. The initial
concentration of exfoliated NbS2 dispersion is 5 mg mL-1 both in H2O and IPA. The exfoliation
process of other TMDs was the same as that of NbS2.
To calculate the dispersed concentration, certain volume of the stable dispersion was pipetted
out and then placed onto preweighed vessel. Subsequently, the vessel was moved into vacuum
oven and the dispersion was dried at 60 °C overnight. Finally, the products were collected and
weighed. Based on the volume and weight, the concentration of dispersion could be estimated.
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To ensure the accuracy of the concentration, several parallel samples were prepared and
determined.
4.2.1.3 Preparation of Flexible Free-Standing Films
50 mg exfoliated MoS2 nanosheets was dispersed in 100 mL H2O, and 2.5 mL activated CNTs
solution (10 mg mL−1) was added into the above solution. After sonication for 1 h, the
dispersion was filtered through a polypropylene membrane (0.22 μm pore size) under vacuum,
to eventually form a thin MoS2/CNTs hybrid film on the filter membrane. Finally, the hybrid
film was peeled off from the filter membrane and was then dried at 60 °C overnight under
vacuum.
4.2.2 Physical Characterization
The X-ray diffraction (XRD) patterns were recorded using a GBC Scientific Equipment LLC
X-ray powder diffractometer (Cu Kα radiation, λ = 1.541 Å, 25 mA, 40 kV, 2° min−1). In situ
XRD performed for bulk NbS2 on PANalytical Empyrean X-ray Goniometer (Cu Kα radiation,
λ = 1.541 Å, 20 mA, 45 kV, 1° min−1) at the temperature range of 25°C-400°C in N2 atmosphere.
The Pt strip was applied as heating holder, and the heating rate and dwell time is 10 °C/min and
10 min, respectively. Raman measurements were conducted on Raman JY HR800 spectrometer
(He-Ne gas laser, λ = 632.81nm,). Ultraviolet-visible (UV-vis) absorption measurements were
conducted on Shimadzu UV-3600. The X-ray photoelectron spectroscopy (XPS) spectra of
samples were obtained using Thermo ESCALAB 250Xi XPS instrument (excitation source: Al
Kα). The crystal structure and morphology of the samples were investigated using a JEM-2010
TEM operating at 200 kV and JSM 7500 operating at 5 kV. The atomic force microscope (AFM)
measurements were conducted on Asylum Research MFP-3D instrument under tapping mode.
Contact angles were tested on a Dataphysics OCA15 apparatus with 4 μL of liquids (acetone,
ethanol, IPA, H2O, DMF, and NMP) for each test.
4.2.3 Electrochemical Measurements
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2032 coin-type half cells were assembled in an argon-filled glovebox to evaluate the lithium
storage performance. For the preparation of working electrode, exfoliated NbS2 nanosheets (70
wt.%), Super P (20 wt.%) and PVDF (10 wt.%) were added into NMP and stirred for several
hours. When it turns into a homogeneous slurry, it was pasted onto a copper foil. The asprepared free-standing MoS2/CNTs films without adding any other additives were used as
working electrodes. The counter electrode is lithium foil, and the separator is Celgard-2400
membrane. The electrolyte is 1 M LiPF6 dissolved in the mixture of ethylene carbonate
(EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC) (1 : 1 : 1 by volume). The
discharge/charge tests were taken in the voltage range of 0.01-3.0 V (vs. Li+/Li) at current
densities of 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 A g−1.
For the hydrogen evolution reaction activity (HER), electrochemical tests were conducted using
a rotating disc electrode (RDE) system equipped with a three-electrode electrochemical cell
(Pine Research Instrumentation, Inc.), and all the data were recorded by an electrochemical
workstation (Multichanne potentiostat/galvanostat VSP-300, BioLogic Science Instrument).
The exfoliated-TMD nanosheets and graphite rod were taken as the working and the counter
electrode, respectively. In 1.0 M KOH and 0.5 M H2SO4, the Hg/HgO and Ag/AgCl were used
as the reference electrodes, respectively. For the preparation of working electrode, 4 mg assynthesized catalyst and 1 mg CNTs were dispersed in 1 mL water-isopropanol mixed solution
(volume ratio of 3 : 1), which contains 30 μL 5 wt% Nafion solution. The above mixture was
ultrasonicated until it turned into a homogeneous ink. Then 10 μL catalyst ink was dropped
onto a glassy carbon electrode and dried naturally, in which the catalyst mass loading is 0.204
mg cm−2. Linear sweep voltammetry (LSV) easurements were taken at a scan rate of 5 mV s−1
in the rotation speed of 1600 rpm with 90% iR-compensation. The potentials versus reverse
hydrogen electrode (RHE) were calculated by the equations: E(RHE) = E(Hg/HgO) + 0.924 V
and E(RHE) =E(Ag/AgCl) + 0.197 V.
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4.3 Results and Discussion
The newly developed exfoliation process, which is called strain discrepancy-assisted liquid
exfoliation, is schematically illustrated in Figure 4.1. In a typical process with ethanol as the
solvent medium, the bulk TMDs powders are heated to 300 °C in a flask under the protection
of argon, and then ethanol is added and immerses the powders quickly. It should be noted that
the volume of TMDs (in-plane and out-of-plane direction) would expand at elevated
temperatures because the covalent bonding and van de Waals interactions between layers will
diminish with increasing the temperature.23,

24

The introduction of ethanol would further

weaken the van der Waals interaction because the polarizability of solid molecules would be
much reduced in solvent medium.18, 25, 26 More importantly, there is a transient vast temperature
difference between the interior and exterior of TMDs samples, which is resulted from the quick
cooling of the surface and edge of the materials once immersing in ethanol. The temperature
difference would lead to the strain discrepancy between the exterior and interior of bulk
materials, and consequently results in the shrinkage and roll up of surface layers, which is an
energetically favourable state.27 Furthermore, the high vapour pressure generated by the instant
gasification of ethanol molecules would trigger the exfoliation of bulk materials along the
curling edges. As a result, ultrathin TMDs nanosheets are successfully prepared by exfoliation
synergistically driven by the strain discrepancy and high vapour pressure. Notably, the above
steps usually should be repeated several times to achieve adequate exfoliation. Apparently, this
exfoliation process is environmental friendly since ethanol is a nontoxic solvent and can be
recycled. Further, the residual solvent in the 2D nanosheets would be substantially decreased
due to the low boiling point of ethanol.
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Figure 4.1 Schematic illustration of the strain discrepancy-assisted liquid exfoliation process
for TMDs.
Taking NbS2 as an example, the morphology and thickness information after exfoliation was
characterized by transmission electron microscopy (TEM) and atomic force microscopy (AFM).
Figure 4.2a shows the low-magnification TEM image of NbS2 nanosheets exfoliated by ethanol
(denoted as NbS2-EtOH), exhibiting a large number of thin, transparent and monodispersed
nanosheets with a lateral size of 0.3 to 1.2 μm. The ultrathin, flake-like nature of the NbS2EtOH nanosheets is also evidenced by the high-magnitude TEM image (Figure 4.2b), and it
demonstrates that NbS2 can be exfoliated thoroughly into few-layered nanosheets. The NbS2EtOH nanosheets can be readily dispersed in water as shown in the inset of Figure 4.2b. The
high-resolution TEM (HRTEM) and selected area electron diffraction (SAED) pattern reveals
its high crystallinity, with a lattice spacing of 0.28 nm corresponding to the (100) crystal planes
of NbS2 (Figure 4.2c and d). In addition, based on the AFM results, it can be seen that the
NbS2-EtOH nanosheets have a thickness distribution of 0.8-3.2 nm (Figure 4.2e-f). Since the
thickness of mono-layered NbS2 are reported in the range of 0.7~1.0 nm,14,
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indicates that the NbS2-EtOH nanosheets consist of 1-4 monolayers. Although the fraction of
monolayers observed in each sample is not very high, most of the nanosheets are composed of
two layers (Figure 4.2g). The yield of ultrathin NbS2-EtOH nanosheets (mostly two layers) is
about 18.2 % by weight. Raman spectroscopy was performed to further identify the structural
characteristics of the NbS2-EtOH nanosheets. As compared with the peak positions of bulk
NbS2 (Figure 4.2h), it is evident that the A1 mode of NbS2-EtOH shifts to a lower frequency,
while E2 does not show obvious shift. Specifically, the A1 peak shifts from 385 to 379 cm−1,
indicating that the thickness of NbS2 is significantly reduced.28, 29

Figure 4.2 (a) Low-magnification TEM, (b) TEM, (c) SAED, (d) HRTEM, (e) AFM image of
NbS2-EtOH nanosheets; (f) the corresponding height profile, (g) histograms of the percentage
of different flake thicknesses of NbS2-EtOH nanosheets; (h) Raman patterns of bulk NbS2 and
NbS2-EtOH nanosheets. Inset of (a): NbS2 nanosheets size distribution histogram. Inset of (b):
Photograph of the exfoliated NbS2 dispersion in water.
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The XRD patterns of bulk NbS2 and NbS2-EtOH are shown in Figure 4.3. The bulk powders
exhibit numerous typical peaks of NbS2 (JCPDS 38-1367) owing to the reflection of the
corresponding lattice planes, confirming that the bulk materials have many layers. As for NbS2EtOH, only the (003) diffraction peak is maintained and other peaks disappear after exfoliation,
which can be attributed to the highly ordered orientation in the c direction of NbS2-EtOH,
further demonstrating that few-layered nanosheets are successfully obtained.30 Furthermore,
bulk NbS2 and NbS2-EtOH were also characterized by UV-Vis absorption spectroscopy
(Figure 4.4). The bulk NbS2 shows two excitonic peaks at 262.5 nm and 437.3 nm, while the
peaks for the NbS2-EtOH have a red shift positioned at 249.4 nm and 398.0 nm, indicating the
thinner thickness of NbS2-EtOH.31
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Figure 4.3 XRD patterns of bulk NbS2 and NbS2-EtOH nanosheets.
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Figure 4.4 UV-vis spectra of bulk NbS2 and NbS2-EtOH nanosheets.
In order to gain more in-depth understanding of the mechanism behind this strain discrepancyassisted liquid exfoliation method, we performed a series of controlled experiments with focus
on exfoliation temperature and solvent medium. Since NbS2 has high thermostability in inert
gas (Figure 4.5), its exfoliation was carried out at three different temperatures (200, 300, and
400 °C) using ethanol as the exfoliation solvent.
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Figure 4.5 TGA curve of bulk NbS2 in Ar.
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Figure 4.6a shows the in-situ XRD patterns of bulk NbS2 measured at different temperatures
in N2. Clearly, all the diffraction peaks shift consistently toward lower angles with the increase
of temperature, suggesting the volume expansion at elevated temperatures. Specifically, the
redshift of (003) peak originating from the hexagonal 3R-NbS2 can be used to determine the
weakling of Wan de Waal interaction between the adjacent layers. The lattice parameters of
NbS2 at different temperatures are shown in Figure 4.6b. The increase of parameters a and c
further demonstrate the expansion along in-plane and out-of-plane direction at elevated
temperatures. Among the three exfoliation temperatures, it appears that the exfoliation is most
effective at 300 °C, producing high quality few-layered nanosheets. Either decreasing or
increasing the temperature is detrimental to the quality of the exfoliated nanosheets. As shown
in Figure 4.6c and Figure 4.7, the NbS2 nanosheet gets thicker when exfoliated at 200 °C since
it presents a dark and opaque profile. Based on the AFM results, it can be seen that the NbS2EtOH nanosheets exfoliated at 200 °C have a thickness distribution of ~3.2 nm. Given the fact
that the thickness of mono-layered NbS2 is about ~0.8 nm, this result indicates that the NbS2EtOH nanosheets mostly consist of 4 atomic layers, which is slightly thicker than that of NbS2EtOH nanosheets exfoliated at 300 °C. Basically, the strain discrepancy to make edge curling
and vapor pressure to weaken Van de Waals interactions decays with decreasing the exfoliation
temperature. On the other hand, the quality of the exfoliated nanosheets is also unsatisfactory
when increasing the temperature to 400 °C. Notably, unlike NbS2 nanosheets exfoliated at
200 °C and 300 °C that have a very smooth surface, NbS2 nanosheets exfoliated at 400 °C have
a coarser surface loaded with a large number of small nanosheets (Figure 4.6d and Figure 4.8).
The average topographic heights of NbS2-EtOH nanosheets exfoliated at 400 °C are around 0.8
to 3.2 nm, corresponding to the thickness of 1-4 layered nanosheets. Statistical analysis of the
thin nanosheets reveals that 16% and 33% of the nanosheets comprised one and two layers,
respectively. Compared with NbS2-EtOH exfoliated at 300 °C, NbS2-EtOH exfoliated at 400 °C
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has thinner but smaller nanosheets. This phenomenon can be attributed to the disintegration of
the few-layered nanosheets driven by the relatively vast strain discrepancy and huge pressure
at a high temperature of 400 °C.

Figure 4.6 (a) In-situ XRD pattern of NbS2 powders at different temperatures in N2; (b) The
lattice parameters of a and c as a function of temperature; TEM images of NbS2 nanosheets
exfoliated at 200 °C (c) and 400 °C (d); (e) TEM images of NbS2 nanosheets exfoliated by
different solvent media; (f) Concentrations of different NbS2 nanosheets dispersions in water
after stabilization for 48 h; (g) Contact angles of NbS2 powders with different solvents.
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Figure 4.7 (a) TEM image, (b) SAED, (c) HRTEM, (d) AFM image, (e) the corresponding
height profile, and (f) histograms of the percentage of different flake thicknesses of NbS2-EtOH
nanosheets exfoliated under 200 °C.
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Figure 4.8 (a) TEM image, (b) SAED, (c) HRTEM, (d) AFM image, (e) the corresponding
height profile, and (f) histograms of the percentage of different flake thicknesses of NbS2-EtOH
nanosheets exfoliated under 400 °C.
Similar temperature dependence of the exfoliation process is also observed in the case of MoS2
(Figure 4.9), and 300 °C is also determined to be the optimal exfoliation temperature for MoS2.
The MoS2 exfoliated at 200 °C presented a dark and opaque state, which is thicker than that of
MoS2 exfoliated at 300 °C. However, the quality of the exfoliated nanosheets is also
unsatisfactory when increasing the temperature to 400 °C. Notably, MoS2 nanosheets exfoliated
at 400 °C have a coarser surface loaded with smaller lateral size of nanosheets. Therefore, both
of the ability to cleave the adjacent layers and to resist cracking should be taken into
consideration when we select proper exfoliation conditions. These results further demonstrate
that the temperature plays a crucial role in delivering high-quality exfoliation.

Figure 4.9 (a) TEM, (b) SAED, and (c) HRTEM images of MoS2 nanosheets exfoliated by
ethanol under 200 °C; (d) TEM, (e) SAED, and (f) HRTEM images of MoS2 nanosheets
exfoliated by ethanol under 300 °C; (g) TEM, (h) SAED, and (i) HRTEM images of MoS 2
nanosheets exfoliated by ethanol under 400 °C. Scale bars, 5 1/nm (b) (e) (h), 2 nm (c) (f) (i).
In our work, bulk NbS2 can be successfully exfoliated into few-layered nanosheets at 300 °C
with ethanol as the solvent medium. The resultant nanosheets can also be readily dispersed in
isopropyl alcohol (IPA) to form a stable and easy-to-handle NbS2 ink solution (Figure 4.10),
which can be readily used for the fabrication of nanosheets-based composite materials or
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devices. Furthermore, the as-exfoliated nanosheets can be stabilized in H2O without surfactant.
Specifically, the NbS2 dispersion became stable with little sedimentation after 8 days, and the
concentration of NbS2 dispersion can be reached as high as 0.23 mg ml-1 even after 30 days
(Figure 4.11). Compared to the concentrations of TMDs materials dissolved in organic solvents
or water, the concentration of NbS2-EtOH dispersion is among the highest of the reported
TMDs dispersion in H2O without surfactant, and is even higher than TMDs dispersion in NMP
(Table 4.1). It is well known that water is always considered as poor solvent to stabilize TMDs
nanosheets owing to its high surface tension.32

Figure 4.10 Photographs of NbS2-EtOH dispersion in IPA (a) after sonication for 30 min, (b)
stabilization for 30 days, (c) stabilization for 60 days; (d) photograph of large-scale production
of NbS2-EtOH dispersion in IPA.
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Figure 4.11 The long-term stability of NbS2 dispersion in water.
In order to further understand the mechanism of stabilization in water, a series of
characterizations including XPS, Raman, FT-IR, and Zeta- potential of NbS2 nanosheets were
conducted. Surface adsorbate stabilization has been demonstrated in many previous reports.
However, no functional species like SO32-, SO42- and oxidation species like NbOX can be
detected from XPS, Raman, and FT-IR (Figure 4.12-4.14), indicating that the surface adsorbate
stabilization mechanism is not responsible for stabilizing NbS2 nanosheets in water.

Figure 4.12 XPS spectra of NbS2-EtOH: (a) Nb 3d, (b) S 2p.
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Figure 4.13 Raman spectra of bulk NbS2 and NbS2-EtOH.
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Figure 4.14 FT-IR spectra of bulk NbS2 and NbS2-EtOH.
Recently, TMDs materials have been reported to exhibit moderate polarity owing to negative
charge on the surface by sulphur atoms and counter charges inside by metal atoms.33 For
exfoliated NbS2 nanosheets, the negative charge on its surface would absolutely induce
repulsion force between nanosheets and enhance the interactions with water molecules, and
thus the NbS2 nanosheets can be readily dispersed in water without agglomeration or
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sedimentation. This electrostatic stabilization mechanism can be demonstrated by performing
zeta-potential measurements. Generally speaking, the dispersed materials could be stabilized in
solvent if the zeta-potential value is near or < -30 mV.33 As shown in Figure 4.15, the zetapotential values of most of the particles (68.5 %) are less than -30 mV, indicating majority of
nanosheets can be stabilized in water after exfoliation via our method. Therefore, charges on
the surface of 2D nanosheets can be accounted for the stability of the dispersions.

Figure 4.15 Zeta potential measurement for exfoliated NbS2 dispersion in water.
With regard to the dependence on solvent media for exfoliation, various kinds of solvents
including

acetone,

EtOH,

IPA,

H2O,

dimethylformamide

(DMF),

and

N-Methyl pyrrolidone (NMP) were examined. As presented in Figure 4.6e, NbS2 exfoliated
with acetone, ethanol or IPA shows typical transparent and ultrathin nanosheet morphology. In
contrast, the other three solvents (H2O, DMF, NMP) do not show effective peeling effect, which
is consistent with the XRD and Raman results (Figure 4.16 and Figure 4.17). The bulk NbS2
shows two peaks around 325 and 386.5 cm-1, which is corresponding to the in-plane vibrations
(E2) and out-of-plane (A1) vibrations, respectively. NbS2 exfoliated by NMP, DMF and H2O do
not show distinct shift for A1 peak, while other three samples show distinct redshift, which
demonstrates that NbS2 exfoliated by acetone, ethanol, and IPA have decreased thickness
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compared with bulk NbS2 and NbS2 exfoliated by NMP, DMF, and H2O. The exfoliation
efficiency was also evaluated by comparing the concentration of the exfoliated NbS2 dispersion.
The NbS2 nanosheets exfoliated with different solvents were dispersed in water without
surfactant and stabilized for 48 h. As shown in Figure 4.6f, the concentration remains 0.71,
0.74 and 0.49 mg ml-1 for NbS2 exfoliated by acetone, EtOH and IPA, respectively, which are
much higher than those of NbS2-H2O (0.07 mg ml-1), NbS2-DMF (0.096 mg ml-1) and NbS2NMP (0.12 mg ml-1). These results indicate that acetone and ethanol are the optimal solvent
media, which allow the formation of thinner nanosheets and higher concentration of stable fewlayered NbS2 solutions.

Figure 4.16 XRD patterns of bulk NbS2 and NbS2 exfoliated by different liquids.
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Figure 4.17 (a) Raman spectra of bulk NbS2 and NbS2 exfoliated by different liquids; (b) Plot
of the Raman peak position for the A1 mode corresponding to different exfoliation liquids.
Based on the aforementioned characterization and discussion, we infer that both the solvent’s
affinity with the TMD powders and boiling point are closely associated with exfoliation
efficiency and quality. Firstly, we performed static contact angle measurements to investigate
the affinity with NbS2 of different solvents. As shown in Figure 4.6g, acetone, EtOH, IPA,
DMF and NMP show good affinity with NbS2 with contact angles of 9°, 10°, 11°, 9° and 2°,
respectively, while the contact angle reaches 116° for H2O. Young’s equation, which can be
used to evaluate the variation in the interfacial energy between solid and liquid, is shown in Eq.
(1):34, 35
γsl = γsg - γlgcosθc

(1)

where γsl, γsg and γlg represent the interfacial energy of solid-liquid, solid-gas, and liquid-gas,
respectively, and θc means the contact angle. When the bulk TMD materials are exfoliated into
few-layered nanosheets, additional energy is required to compensate the substantial increase in
the solid-liquid interfacial energy.25 Therefore, the minimized solid-liquid interfacial energy is
thermodynamically beneficial for the better exfoliation. For specific solid and liquid, the lower
contact angle, the smaller interfacial energy. As for H2O, despite of the large γlg,36 the γsl of
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NbS2-H2O is actually increased due to the negative value of cosθc. Therefore, H2O is not a
proper liquid for the exfoliation of TMD, which is consistent with the previous report.37 This
result also demonstrates that the wettability of solvent medium plays an essential role in
reducing the extra energy to overcome the strength of the Van der Waals attractions between
layers during the exfoliation process. Moreover, excellent wettability indicates that the bulk
materials can be fully dipped by the solvent medium quickly, resulting in the quick cooling of
the external surface and thereby inducing significant strain discrepancy between the interior
and exterior of materials. Furthermore, the solvents with low boiling point tend to induce more
significant strain discrepancy as well, and, as a general trend, the lower boiling point, the higher
vapour pressure of a solvent at a given temperature.38 Therefore, the gasification of the solvents
with relatively low boiling points (acetone, EtOH and IPA) could generate more intensive
driving force to than those solvents with higher boiling points, thereby resulting in a more
efficient exfoliation process. Furthermore, as can be seen from Figure 4.6e, DMF and NMP
with higher boiling points behave better than H2O as the solvent medium, which can be ascribed
to their superior affinity with NbS2 (Figure 4.6g). Similar solvent medium dependence of the
exfoliation process is also verified in the case of MoS2, and MoS2 can be efficiently exfoliated
with EtOH or acetone as the solvent medium at 300 °C, producing high quality few-layered
MoS2 nanosheets (Figure 4.18 and Figure 4.19). Similar to NbS2, MoS2 exfoliated with acetone,
ethanol or IPA shows ultrathin, transparent, and nanosheet-like morphology. In contrast, the
other three solvents (H2O, DMF, NMP) do not show effective peeling effect but exhibit bulky
and opaque morphology. Acetone, ethanol, IPA, DMF and NMP show good affinity with MoS2
with contact angles of 16°, 12°, 20°, 10° and 15°, respectively, while the contact angle reaches
125° for H2O. The bulk powders exhibit numerous typical peaks of MoS2 (JCPDS 37-1492)
owing to the reflection of the corresponding to lattice planes, indicating many layers of bulk
materials. As for MoS2-acetone, MoS2-EtOH, and MoS2-IPA, only the (002) diffraction peaks
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are maintained and other peaks disappear after exfoliation, which can be attributed to the less
extended/ordered stacking in the c direction of MoS2, further demonstrating that few-layered
nanosheets are successfully obtained.

Figure 4.18 TEM images of MoS2 exfoliated by acetone (a), ethanol (b), IPA (c), H2O (d),
DMF (e), and NMP (f). Left: SAED images (Scale bar, 5 1/nm); Right: HRTEM images (Scale
bar, 2 nm).
The NbS2 nanosheets exfoliated with different solvents were dispersed in water without
surfactant and stabilized for 24 h. The concentration remains 4.83, 4.75 and 2.55 mg ml-1 for
MoS2 exfoliated by acetone, ethanol and IPA, respectively, which are much higher than those
of MoS2-H2O (0.28 mg ml-1), MoS2-DMF (0.54 mg ml-1) and MoS2-NMP (0.51 mg ml-1). These
results indicate that acetone and ethanol are the optimal solvent media, which allow the
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formation of thinner nanosheets and higher concentration of stable few-layered MoS2 solutions.
These results suggest that, excellent affinity and low boiling point are two key criteria for
selecting solvent media for delivering an efficient exfoliation process, and EtOH is the optimal
solvent medium for exfoliation in terms of the nanosheets quality, exfoliation efficiency, and
environmental sustainability.

Figure 4.19 (a) Contact angles of MoS2 powders with different liquids; (b) XRD patterns of
bulk MoS2 and MoS2 exfoliated by different liquids; (c) Concentrations of different MoS2
nanosheets dispersions in water after stabilization for 24 h.
Intriguingly, this strain discrepancy-assisted liquid exfoliation method is demonstrated to be
universal and can be applied to prepare a series of ultrathin TMDs nanosheets, including NbSe2,
MoS2, MoSe2, WS2, WSe2, SnS2, and SnSe2. As shown in Figure 4.20, Acetone, ethanol, IPA,
DMF and NMP show good affinity with TMD materials with contact angles smaller than 20°,
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while the contact angles can be reached to 140° for H2O. Taking boiling point and wettability
into consideration, EtOH was selected to exfoliate the TMDs bulk materials.

Figure 4.20 Contact angles of TMDs powders with different liquids.
As shown in Figure 4.21, single- or few-layered TMDs nanosheets are successfully obtained
by the strain discrepancy-assisted liquid exfoliation method with EtOH as the solvent medium
at 300 °C.
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Figure 4.21 (i) TEM image, (ⅱ) Photographs of nanosheets dispersion in water, (ⅲ) SAED
pattern, (ⅳ) HRTEM image of MoS2 (a), SnS2 (b), WS2 (c), NbSe2 (d), MoSe2 (e), SnSe2 (f),
WSe2 (g) exfoliated by EtOH at 300 °C.
The SAED and HRTEM images show the typical hexagonal structure of these TMDs
nanosheets. Meanwhile, the XRD patterns and UV-Vis spectra also demonstrate the successful
preparation of few-layered nanosheets (Figure 4.22 and Figure 4.23).
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Figure 4.22 XRD patterns of (a) MoS2, (b) WS2 and (c) SnS2; Raman spectra of (d) MoS2, (e)
WS2 and (f) SnS2; UV-Vis spectra of (g) MoS2, (h) WS2 and (i) SnS2.
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Figure 4.23 XRD patterns of (a) NbSe2, (b) MoSe2, (c) SnSe2 and (d) WSe2.
Owing to the significantly reduced thickness compared with the bulk counterparts, the TMDs
nanosheets, with substantially shortened mass diffusion and charge transfer pathways, have
great potential for energy storage and conversion applications. The few-layered NbS2
nanosheets deliver much higher specific capacity and rate capability than those of bulk NbS2 as
shown in Figure 4.24, due to faster Li+ diffusion and charge transfer in NbS2 nanosheets. The
exfoliated NbS2 exhibits enhanced electrochemical performance compared with bulk NbS2.
Specifically, NbS2-EtOH shows discharge capacity of 1201 mA h g−1 and 463 mA h g−1 at
current density of 0.05 A g−1 and 1.0 A g−1, respectively, which is much higher than that of bulk
NbS2 (956 mA h g−1and 313 mA h g−1). The results suggest that the NbS2-EtOH nanosheets
possess faster lithiation/delithiation reaction, which can be ascribed to the significantly reduced
thickness of NbS2-EtOH nanosheets compared with bulk NbS2. In addition, the ultrathin TMD
nanosheets can be readily used for fabricating hybrid functional films with thickness ranging
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from several nanometers to tens of micrometers via the vacuum filtration technique, which have
a wide range of potential applications. As a proof of concept, a MoS2/CNTs hybrid film was
prepared and applied as the free-standing anode for lithium ion batteries. The MoS2/CNTs film
is quite flexible, and shows very decent lithium storage performance (Figure 4.25). The
MoS2/CNTs film is flexible, which can be bent to 180° without fracturing. The SEM image
shows that MoS2 nanosheets are homogeneously embedded in the CNTs frameworks, and the
thickness of the film is around 19 µm. The flexible free-standing MoS2/CNTs film can be
directly used as the anode for lithium ion batteries, showing very decent lithium storage
performance. The reversible charge capacity of MoS2/CNTs reaches as high as 800 mA h g−1
at a current density of 0.05 A g−1. The TMDs are also considered as promising non-noble metalbased electrocatalysts for hydrogen evolution reaction. Theoretical and experimental studies
demonstrated that only the coordinatively unsaturated sulfur and metal atoms along the edges
of S-M-S molecular layers in TMDs are the catalytically active sites, while a significant
proportion of S atoms in TMDs basal planes are inert.39 As shown in Figure 4.26, the MoS2
nanosheets exhibit notably enhanced catalytic activity as compared with bulk MoS2, which
could be attributed to the larger exposure of coordinatively unsaturated sulfur and molybdenum
atoms along the edges, thereby resulting in the increase number of the surface active sites.39, 40

Figure 4.24 (a) Rate performance of bulk NbS2 and NbS2-EtOH nanosheets; Charge-discharge
curves of bulk NbS2 (b) and NbS2-EtOH nanosheets (c) at various current densities.
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Figure 4.25 (a) Photograph of MoS2/CNTs hybrid film, (b) Photograph of the film under 180°
bending, (c) SEM image of MoS2/CNT film, (d) Cycling performance of MoS2/CNTs film at a
current density of 0.05 A g-1. Inset of (c) is the SEM image of the cross-section of MoS2/CNTs
film; Inset of (d) is the Charge-discharge curves of MoS2/CNTs film.

Figure 4.26 LSV polarization curves of bulk MoS2 and MoS2-EtOH nanosheets measured in
(a) 0.5 M H2SO4 and (b) 1.0 M KOH.
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Table 4.1 Summary of the concentration of exfoliated TMDs nanosheets dispersion in various
solvents.
Sample

MoS2

Solvent

NMP

Surfactant Sonication Concentration

Size

(Yes/No)

Time (h)

(mg mL-1)

(µm)

No

2

~0.1

~0.04-

References

41

0.12
MoS2

NMP

Yes

1

~2.5

~0.16

42

MoS2

NMP

No

1

~0.5

~0.16

42

MoS2

NMP

No

1

~0.3

~0.17

22

MoS2

NMP

No

50

~7.6

~0.70

43

MoS2

EtOH/H2O

No

8

~0.018

~0.10

44

MoS2

H2O

Yes

0.5

~0.25

~0.28

17

MoS2

H2O

Yes

10

~0.4

~0.85

45

MoS2

H2O

Yes

16

~0.8

0.05-0.7

46

MoS2

H2O

No

1

~0.14

~0.242

47

MoS2

EtOH/H2O

No

1

~0.72

~0.1

48

MoS2

H2O

No

60

~0.12

~0.2-0.3

33

NbS2

H2O

No

0.5

~0.23

0.3-1.2

This work

4.4 Conclusion
In summary, we developed a universal strain discrepancy-assisted liquid exfoliation method for
the large-scale production of high-quality few-layered TMDs nanosheets. The driving forces
for the exfoliation originate from the strain-discrepancy caused by the sudden change of
temperature as well as the solvent vapour pressure generated from gasification. Owing to the
low boiling point and excellent affinity with the TMDs powders, ethanol was found to be the
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most efficient and environment-friendly solvent medium for exfoliating TMDs nanosheets.
This work provides a new alternative approach for the fabrication of ultrathin 2D layered
nanomaterials in large quantities, which can be readily utilized for various applications in
electronics, catalysis, and energy conversion and storage in the near future.
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Engineering

Additional

Edge

Sites

on

Molybdenum

Dichalcogenides toward Accelerated Alkaline Hydrogen Evolution
Kinetics
5.1 Introduction
The energy crisis and environmental pollution problems have prompted the research for clean
energy carrier.1-4 Hydrogen has attracted significant attention owing to the zero greenhouse gas
emission as well as high gravimetric energy density.5, 6 Among various hydrogen generation
strategies, water electrolysis, particularly driven by renewable energies, has already
demonstrated its feasibility in industrial processes.7-9 However, developing efficient and earthabundant alternatives to noble metals which are the most satisfying electrocatalysts, are still the
center for realizing the large-scale application of hydrogen generation via water electrolysis.10,
11

Practically, water electrolysis is more favoured in alkaline media which helps to promote the

sluggish oxygen evolution reaction (OER) to achieve a high energy conversion efficiency. 12-15
However, most earth-abundant electrocatalysts such as transition metal chalcogenides
(TMDs),16-20 nitrides,21,

22

carbides23,

24

and phosphides,25-28 despite of the performance

comparable to noble metal that they may possess in acid media, exhibit inferior hydrogen
evolution reaction (HER) activity in alkaline media due to the sluggish water
adsorption/dissociation step.29-31
Molybdenum dichalcogenides (MoS2 and MoSe2), as typical TMDs, are among the most
efficient catalysts for HER in acid media owing to the moderate Gibbs free energy for hydrogen
adsorption.32, 33 Both theoretical calculations and experimental results have demonstrated that
unsaturated Mo–S sites possess the optimal hydrogen adsorption free energy,34-37 which have
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stimulated the development of nanostructured TMDs-based catalysts with enriched edge sites.38,
39

As for alkaline HER, a recent theoretical study demonstrated that the water

adsorption/dissociation process is more favoured on the edge sites rather than the basal plane
of MoS2.40 Thus, increasing the exposure of TMDs edge sites might also be an effective strategy
for promoting alkaline hydrogen evolution kinetics. Herein, as a proof of concept, a series of
TMDs-based heterostructures (MoS2/MoSe2, MoSe2/MoSe2, and MoS2/MoS2) with MoS2 or
MoSe2 quantum dots decorated on the basal planes of TMDs nanosheets were synthesized via
a two-step chemical solution process. The MoS2 or MoSe2 quantum dots provide abundant edge
sites which substantially enhance the affinity for H2O, and the TMDs-based heterostructures
exhibit significantly improved catalytic activities over the individual nanosheets in alkaline
media. The results not only demonstrate the feasibility of engineering additional edges sites on
molybdenum dichalcogenides toward the development of efficient alkaline HER
electrocatalysts but also provide new insights into in-depth understanding of the HER
mechanism.

5.2 Experimental Section
5.2.1 Materials Preparation
5.2.1.1 Synthesis of MoSe2 Nanosheets
MoSe2 nanosheets were synthesized by a hydrothermal method. Briefly, 2 mmol Se powder
and 1 mmol Na2MoO 4·2H2O were dispersed in 30 mL deionized water (DI-W) under stirring
at room temperature to form a dark red-brown suspension. Then, 2.5 mmol NaBH4 was slowly
added into the above suspension and dissolved completely. Subsequently, the mixture was
transferred into a 50 mL Teflon stainless-steel autoclave with Ar purging for 30 min, and then
the autoclave was heated at 180 °C for 24 h in an electric oven. After the reaction was completed,
black products were collected by centrifugation, washed with DI-W and ethanol three times,
and eventually dried overnight in a vacuum oven at 60 °C.
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5.2.1.2 Synthesis of MoS2/MoSe2 Nanosheets
Typically, 0.1 mmol MoSe2 was dispersed in 35 mL DI-W and treated by ultrasonication for 3
h to form a homogeneous suspension. Then various amount of Na2MoO4·2H2O (0.025, 0.05
and 0.1 mmol) and L-cysteine (0.1, 0.2 and 0.4 mmol) dissolved in above suspension under
stirring. Afterwards, the mixture was transferred into a 50 mL Teflon-lined stainless steel
autoclave and was heated at 180 °C for 36 h. The products were collected by centrifugation,
washed with DI-W and ethanol three times, and eventually dried overnight in a vacuum oven
at 60 °C. Based on the molar ratio of MoS2 to MoSe2, the as-obtained hybrids are denoted as
MoS2/MoSe2-0.25, MoS2/MoSe2-0.5, and MoS2/MoSe2-1, respectively.
5.2.1.3 Synthesis of MoS2 Nanosheets
The procedures for synthesizing MoS2 nanosheets were the same as that of MoS2/MoSe2
nanosheets except that no MoSe2 sheets were added.
5.2.1.4 Synthesis of MoSe2/MoS2 Nanosheets
A certain amount of MoSe2 nanosheets was added into 35 mL water and treated with
ultrasonication for 3 h to form a suspension. Then the following steps are the same as that of
synthesising pure MoSe2 nanosheets.
5.2.1.5 Synthesis of MoS2/MoS2 Nanosheets
A certain amount of MoS2 nanosheets was added into 35 mL water and treated with
ultrasonication for 3 h to form a suspension. And the following steps are the same as that of
synthesis of pure MoS2 nanosheets.
5.2.2 Physical Characterization
The morphology and crystal structure of the as-prepared products were investigated using a
JEM-2010 transmission electron microscope (TEM) operated at 200 kV. Scanning transmission
electron microscopy (STEM) images were acquired on a probe-corrected JEOL ARM200F
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TEM operated at 200 kV. Energy disperse X-ray (EDS) mapping images were acquired on FEI
Talos F200X equipped with four symmetrical EDS signal detectors, operated at 200 kV. The
powder X-ray diffraction (XRD) patterns were recorded on a GBC Scientific Equipment LLC
X-ray powder diffractometer with Cu Kα radiation (λ=1.541 Å, 25 mA, 40 kV, 2 °min-1). The
X-ray photoelectron spectroscopy (XPS) spectra of samples were performed on an XPS,
Thermo ESCALAB 250Xi instrument with Al Kα as the excitation source.
5.2.3 Electrochemical Measurements
All the electrochemical experiments were conducted with a rotating disc electrode (RDE)
systems using a three-electrode system at room temperature, where the electrochemical
catalysts were used as the working electrodes, platinum wire as the counter electrode, and
Hg/HgO and Ag/AgCl as the reference electrodes in 1.0 M KOH and 0.5 M H2SO4, respectively.
The experiments were controlled by a WaveDriver 20 electrochemistry workstation (Pine
Research Instruments, US). The working electrode was prepared via the method reported in our
previous work.41 In brief, the as-synthesized catalyst (4 mg) was first added in 1 mL waterisopropanol mixed solution (volume ratio of 3:1) containing 30 μL Nafion solution (5 wt%) and
treated with ultrasonication to form a homogeneous ink. Then 10 μL catalyst ink was drop-cast
onto a glassy carbon electrode (GCE, 5 mm in diameter) and dried naturally (catalyst mass
loading: 0.204 mg cm-2). LSV curves were obtained at a scan rate of 5 mV s−1 at the rotation
speed of 1600 rpm, and the results were corrected with 90% iR-compensation. All potentials
were calibrated and reported with respect to reverse hydrogen electrode (RHE) by the equations:
E(RHE)=E(Hg/HgO) +0.924 V and E(RHE)=E(Ag/AgCl) + 0.197 V. EIS measurements were
carried out in the frequency range of 100 kHz to 100 mHz at potential of -0.3 V versus RHE.
The turnover frequency is calculated using the following equations:42
𝑗
TotalnumberofH2 atomspersecond
2×𝑞
𝑇𝑂𝐹 =
=
Totalnumberofactivesitesperunitarea
N
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Where j is the current density (A cm-2) at a given overpotential, q is the elementary charge (1.6
× 10-19 C), N is the number of surface Mo atom per unit area which is estimated to be 1.06×1015
cm–2 and 1.15×1015 cm–2 for MoSe2 and MoS2, respectively.

5.3 Results and Discussion
Figure 5.1a shows the schematic representation for the growth of 2D MoS2/MoSe2 vertical
heterostructure. L-cysteine and MoO42- firstly absorb on the surface of MoSe2 nanosheets, and
then MoO42- is reduced to MoS2 by L-cysteine during the hydrothermal process, during which
process MoSe2 nanosheets play an important role in the confined growth of MoS2 quantum dots.

Figure 5.1 (a) Schematic illustration of the synthesis of MoS2/MoSe2 heterostructures. (b) The
TEM image of MoS2/MoSe2-0.5 heterostructure, showing the typical nanosheets morphology.
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(c) HRTEM image of MoS2/MoSe2-0.5 heterostructure. (d) the corresponding FFT patterns of
(c). (e) IFFT image generated by the selected masked FFT patterns of MoSe2 and MoS2 (top)
and the selected FFT patterns (down). (f) STEM image and the corresponding EDS mapping
images. (g) XPS spectra of MoS2/MoSe2-0.5 heterostructure.
As depicted in Figure 5.2, pure MoSe2, MoS2, and MoS2/MoSe2 heterostructures show similar
X-ray diffraction (XRD) patterns, in which peaks at around 32.0°, 38.3°, and 56.4° can be
assigned to (100), (103), and (110) planes of molybdenum dichalcogenides. It is worth noting
that the (002) peak of the pure MoSe2, unlike MoS2 and MoS2/MoSe2, cannot be observed in
the XRD patterns owing to the ultrathin thickness of MoSe2 nanosheets.43
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Figure 5.2 XRD patterns of MoS2, MoSe2, and MoS2/MoSe2-x.
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Figure 5.3 (a), (b) TEM images and (c), (d) HRTEM images of pristine MoSe2.
The typical morphology of pristine MoSe2 nanosheets is shown in Figure 5.3, and the lattice
fringes can be well assigned to MoSe2 (Figure 5.3c and d). Taking MoS2/MoSe2-0.5 as an
example, as shown in Figure 5.1b and Figure 5.4a and b, the MoS2/MoSe2-0.5 heterostructure
inherits similar nanosheets morphology as MoSe2. The specific surface areas of MoSe2 and
MoS2-MoSe2-0.5 are determined to be 48 and 61 m2/g by BET (Figure 5.4c), respectively.

Figure 5.4 (a) TEM, (b) HRTEM image of MoS2/MoSe2-0.5. (c) Nitrogen gas adsorptiondesorption isotherms (BET curve) of MoSe2 and MoS2-MoSe2-0.5.
The lattice fringe with spacing of 0.68 nm shown in Figure 5.1b corresponds to the typical
(002) planes of MoSe2 substrates. However, it is difficult to distinguish MoS2 species from
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MoSe2 substrates because of the same crystal structure and similar crystal parameters of MoS2
and MoSe2 in the high-resolution TEM (HRTEM) image (Figure 5.1c). However, two sets of
diffraction spots are shown in the corresponding fast Fourier transformation (FFT) patterns
(Figure 5.1d). Specifically, a set of six spots with a lattice spacing of about 0.27 nm can be
ascribed to the {100} planes of MoS2, and the other set with a lattice spacing of 0.28 nm can be
assigned to {100} planes of MoSe2. Two patterns are regenerated by applying inversed FFT
(IFFT) on the selected FFT patterns (Figure 5.1e), which show clear boundaries between MoS2
and MoSe2 as well as the ultrasmall size of MoS2 quantum dots (<5 nm) on the MoSe2
nanosheets. Both MoS2/MoSe2-0.25 and MoS2/MoSe2-1 show similar morphology to
MoS2/MoSe2-0.5 heterostructure, as can be seen in Figure 5.5.

Figure 5.5 (a) TEM, (b) HRTEM images of MoS2/MoSe2-0.25; (c) TEM, (d) HRTEM images
of MoS2/MoSe2-1.
Owing to the dangling bond existing on the surface of MoSe2 nanosheets, Mo-based precursors
are prone to adsorb on the basal plane, resulting in the formation of MoS 2 quantum dots and
ensuring the exposure of additional Mo-S edge sites. Without the confinement of MoSe2
nanosheets, MoS2 crystals grow freely and assemble micronized flower-like MoS2 nanosheets
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(Figure 5.6). The STEM-EDS mappings (Figure 5.1f) reveal the uniform distribution of Mo,
Se, and S over the surface of MoS2/MoSe2-0.5 heterostructures, further demonstrating the
homogeneous growth of MoS2 over the MoSe2 substrate. The XPS survey spectrum of
MoS2/MoSe2-0.5 in Figure 5.1g reveals the existence of Mo, Se, and S. As illustrated in the
high-resolution XPS spectra of Mo 3d, two peaks locate at 229.2 and 232.3 eV, corresponding
to Mo 3d5/2 and Mo 3d3/2, respectively, indicating that the valence state of Mo is +4.44 In the
meantime, the small shoulder peak at 226.4 eV, which is absent in the corresponding spectra of
MoSe2 (Figure 5.7a), is ascribed to S 2s,44 further demonstrating the existence of MoS2 species.
The single doublet peak in the Se 3d spectra composes of Se 3d5/2 at 54.6 eV and Se 3d3/2 at
55.4 eV, while the fitted Se 3p peaks consist of Se 3p3/2 and Se 3p1/2 at 160.7 and 166.7 eV,
respectively.45 For the S 2p spectra, the S 2p3/2 and S 2p1/2 peaks can be fitted at 161.8 and 164.1
eV, respectively.45 The high-resolution XPS spectra of pure MoS2, MoSe2, and other
MoS2/MoSe2 heterostructures can be found in Figure 5.7.

Figure 5.6 (a), (b) TEM images and (c), (d) HRTEM images of pure MoS2.
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Figure 5.7 (a) Mo 3d, (b) S 2p & Se 3p, (c) Se 3d XPS spectra of MoSe2, MoS2, and
MoS2/MoSe2-x heterostructures.
The electrochemical measurements were performed in N2-saturated 1.0 M KOH and 0.5 M
H2SO4 solution using a three-electrode setup. As shown in Figure 5.8a, MoS2/MoSe2
heterostructures show notably enhanced performance compared to pure MoSe2 and MoS2 in
alkaline solution. In particular, the MoS2/MoSe2-0.5 heterostructure exhibits the best HER
activity with a small onset overpotential of 180 mV, which is much lower than that of pristine
MoSe2 (270 mV) and MoS2 (310 mV). To achieve a cathodic current density of 10 mA cm-2,
the MoS2/MoSe2-0.5 only requires an overpotential of 235 mV (Figure 5.8b), while large
overpotentials of 330 mV and 400 mV are required for MoSe2 and MoS2, respectively. The
performance of MoS2/MoSe2-0.5 heterostructure is among the best of the reported carbon-free
MoS2-based and MoSe2-based materials without conductive substrates under the same test
condition, and even comparable to a few conductive substrate-supported catalysts (Table 5.1).
Meanwhile, MoS2/MoSe2-0.5 delivers a current density as high as 36 mA cm-2 at an
overpotential of 300 mV, which is about 14 and 5 times higher than that of MoS2 (2.5 mA cm2

) and MoSe2 (6.5 mA cm-2), respectively. Due to the relatively lower activity of MoS2, the

catalytic activity of the MoS2/MoSe2 heterostructures decays as further increasing MoS2. The
improved catalytic kinetics of MoS2/MoSe2 heterostructures is also evidenced by the reduced
Tafel slopes. The Tafel plots of MoSe2, MoS2, and MoS2/MoSe2 heterostructures are shown in
Figure 5.8c. The large Tafel slope of MoSe2 (135 mV dec-1) and MoS2 (157 mV dec-1) reveal
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that the rate-determining step of HER is the water adsorption and dissociation process.
Compared with bare MoSe2 and MoS2, the decreased Tafel slope of MoS2/MoSe2-0.5 (96 mV
dec-1) suggests that the HER kinetics is determined by the combination of the Volmer step and
the subsequent Heyrovsky step,46 indicating an accelerated water adsorption/dissociation
kinetics on the MoS2/MoSe2-0.5 surface. Electrochemical impedance spectroscopy (EIS) is
employed to further investigate the reaction process. As shown in Figure 5.8d, the reaction
resistance of MoS2/MoSe2-0.5 (30 Ω) is smaller than that of either pure MoSe2 (98 Ω) or MoS2
(486 Ω), indicating a substantially enhanced reaction kinetics due to the combination of MoS2
quantum dots and MoSe2 nanosheets. The activity durability of the electrocatalysts was
evaluated by the chronopotentiometry test as shown in Figure 5.8e. It can be observed that the
overpotential of MoSe2 rises distinctly within the initial 10 min and eventually increases by
about 108 mV during the 3-h operation. In contrast, the overpotential of MoS2/MoSe2-0.5 is
only elevated by 59 mV, manifesting that the stability is also improved after the incorporation
of MoS2 quantum dots. The HER turnover frequencies (TOFs) were calculated to evaluate the
intrinsic activity of the electrocatalysts. Here, Mo4+ was employed as the active site for
calculating TOFs, and the TOFs at the overpotential of 300 mV are shown in Figure 5.8f.
Remarkably, MoS2/MoSe2-0.5 heterostructure deliver a TOF as high as 102.3 s-1,
outperforming pure MoSe2 (17.6 s-1), MoS2 (5.4 s-1), MoS2/MoSe2-0.25 (66.7 s-1) and
MoS2/MoSe2-1 (53.7 s-1).
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Figure 5.8 (a) iR-corrected LSV curves in 1M KOH solution of various electrocatalysts as
indicated (scan rate: 5 mV s-1, catalyst mass loading: 0.204 mg cm-2). (b) Overpotential required
at 10 mA cm-2 and current densities at an overpotential of 300 mV; (c) Tafel plots derived from
LSV curves, (d) Nyquist plot measured at an overpotential of 300 mV; (e) chronopotentiometry
curves conducted at a constant current density of 10 mA cm-2; (f) TOF of MoSe2, MoS2 and
MoS2/MoSe2 heterostructures at the overpotential of 0.3 V.
To investigate the origination of the promoted catalytic activity of MoSe2, the acidic HER
performance evaluation was also carried out as shown in Figure 5.9a. Interestingly, MoSe2
exhibits the lowest overpotential (205 mV) at the current density of 10 mA cm-2, and the
electrocatalytic activity of MoS2/MoSe2 heterostructures is not improved. The catalytic activity
variation at high current density region can be ascribed to the different hydrogen desorption
behaviour at high hydrogen coverage.47, 48 To obtain deeper insight into the electrochemical
behaviour, the electrochemical active surface areas (ECSA) of the catalysts were estimated
through evaluating the electrochemical double layer capacitance (Cdl) in a non-Faraday region
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in alkaline as well as acidic solutions (Figure 5.10). As shown in Figure 5.9b, MoS2/MoSe20.5 and pure MoSe2 possess similar Cdl in both alkaline and acidic solutions, demonstrating
similar ECSA of MoS2/MoSe2-0.5 and pure MoSe2. Therefore, the promoted alkaline HER
activity can be ascribed to the accelerated water adsorption/dissociation process that originates
from the additional edge sites in these molybdenum dichalcogenides.

Figure 5.9 (a) iR-corrected LSV curves measured at a scan rate of 5 mV s -1 in 0.5 M H2SO4
solution; (b) Fitted Cdl of MoSe2 and MoS2/MoSe2-0.5 at 0 V vs. RHE (1 M KOH) and 0.05 V
vs. RHE (0.5 M H2SO4).
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Figure 5.10 CV curves of (a) (c) MoS2/MoSe2-0.5 and (b) (d) MoSe2 electrode in 0.5 M H2SO4
and 1M KOH and with different scan rates.
To further verify the feasibility of engineering additional edge sites for promoting alkaline HER,
MoSe2/MoSe2-0.5 and MoS2/MoS2-0.5 heterostructures were synthesized. As illustrated in
Figure 5.11, MoSe2/MoSe2-0.5 and MoS2/MoS2-0.5 possess the same diffraction peaks with
pristine MoSe2 and MoS2, respectively.
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Figure 5.11 XRD pattern of MoSe2, MoS2, MoSe2/MoSe2-0.5, and MoS2/MoS2-0.5.

Figure 5.12 (a), (b) TEM images of MoSe2/MoSe2-0.5.

Figure 5.13 (a), (b) TEM images of MoS2/MoS2-0.5.
Both MoSe2/MoSe2-0.5 and MoS2/MoS2-0.5 maintain the graphene-like nanosheet morphology
(Figure 5.12 and 5.13). MoSe2 and MoS2 quantum dots can be identified from the
heterostructures in HRTEM images (Figure 5.14a and c). Also, the relative intensity variation
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in the selected area further demonstrates the presence of MoSe2 and MoS2 quantum dots on
MoSe2 nanosheets and MoS2 nanosheets, respectively (Figure 5.14b and d). The LSV curves
of MoSe2/MoSe2-0.5 and MoS2/MoS2-0.5 in 1 M KOH and 0.5 M H2SO4 were shown in Figure
5.15a and b. Similar to MoS2/MoSe2 heterostructures, the overpotential to reach a current
density of 10 mA cm-2 of both MoSe2/MoSe2-0.5 (250 mV) and MoS2/MoS2-0.5 (331 mV) are
substantially decreased as compared with MoSe2 (330 mV) and MoS2 (400 mV) in 1M KOH
solution, in sharp contrast with the negligible overpotential decrease in acidic solution. The
reduction of the Tafel slopes (Figure 5.15c and d) also verify the enhanced electrochemical
reaction kinetics of the heterostrutures. Furthermore, we prepared two control samples: pure
MoSe2 nanosheets treated with a second hydrothermal process in DI water at 180 °C for 24 h
(denoted as MoSe2-2) and a physical mixture of MoSe2 and MoS2 nanosheets (denoted as
MoS2/MoSe2-m). As shown in Figure 5.16, MoSe2-2 exhibits almost the same electrocatalytic
activity with pristine MoSe2, proving that the HER performance is not affected by the additional
hydrothermal treatment. On the other hand, the catalytic activity of MoS2/MoSe2-m is between
pure MoS2 and MoSe2, confirming the significant role that the extra edge sites play in the
enhanced HER activity in alkaline solution.

113

Chapter 5 Engineering Additional Edge Sites on Molybdenum Dichalcogenides toward
Accelerated Alkaline Hydrogen Evolution Kinetics

Figure 5.14 TEM images of (a) MoSe2/MoSe2-0.5 and (c) MoS2/MoS2-0.5; Intensity profile of
(b) MoSe2/MoSe2-0.5 and (d) MoS2/MoS2-0.5.

Figure 5.15 iR-corrected LSV curves of MoSe2, MoSe2, MoSe2/MoSe2-0.5, and MoS2/MoS20.5 measured at a scan rate of 5 mV s-1 in (a) 1M KOH solution and (b) 0.5 M H2SO4 solution;
Tafel plots derived from LSV curves in (c) 1M KOH solution and (d) 0.5 M H2SO4 solution.

Figure 5.16 (a) iR-corrected LSV curves measured at a scan rate of 5 mV s-1 in 1M KOH
solution.
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As has been reported, the adsorption/dissociation of H2O is more favoured on the Mo-edges
rather than the basal plane of molybdenum dichalcogenides.40, 49, 50 Thus, the improved alkaline
HER performance for the TMDs-based heterostructures is derived from the additional edge
sites provided by MoS2 or MoSe2 nanoclusters. As shown in Figure 5.17, Mo-edge sites in
MoS2 act as a promoter for water adsorption and dissociation, while the produced hydrogen
intermediates absorb on nearby MoSe2 and subsequently combined to hydrogen gas. In this way,
MoS2/MoSe2 heterostructure effectively reduces the energy barrier of the water dissociation
and accelerates the alkaline HER process accordingly.

Figure 5.17 HER mechanism on MoS2/MoSe2 heterostructure in alkaline solution.
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Table 5.1 HER performance comparison of MoS2-based and MoSe2-based materials in
alkaline solution.

Catalyst

Substrate

Electrolyte
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
0.1 M KOH
1.0 M KOH

Overpotential (mV
@ 10 mA cm-2)
235
227
218
237
~350
80
78
>600
310

MoS2/MoSe2
Ni(OH)2/MoS2
CoSe2/MoSe2
MoSe2-CoSe2 NTs
GwC–MoSe2
Ni(OH)2/MoS2
MoS2/NiCo-LDH
MoS2/G
MoS2+x nanoparticles

GC
GC
GC
GC
GC
CC
CFP
NF
FTO

ex-MoSe2:NiCl2
MoSe2/GCA
MoSe2:CdS NHDs
MoSe2/MoO3
MoSe2@Ni0.85Se

NM
NF
PG
PG
NF

Reference
This work
31
19
51
52
50
53
33
54

1.0 M KOH
1.0 M KOH
0.1 M KOH
0.1 M KOH
1.0 M KOH

273
~300
~500
270
117

55
56
57
58
13

Note: GC = Glassy Carbon CC = Carbon Cloth CFP = Carbon Fiber Paper FTO = Fluorinedoped Tin Oxide NM = Nylon Membranes NF = Nickel Foam PGE = Pencil Graphite

5.4 Conclusion
In summary, TMDs-based heterostructures (MoS2/MoSe2, MoSe2/MoSe2 and MoS2/MoS2)
with MoS2 or MoSe2 quantum dots anchored on TMDs nanosheets were synthesized via a twostep chemical solution process. The TMDs-based heterostructures delivered substantially
improved catalytic activity over their single-component counterparts in alkaline media. The
abundant edge sites in MoS2 or MoSe2 quantum dots would enhance the H2O affinity of the
TMDs-based heterostructures and hence promote the water adsorption/dissociation capability
and alkaline HER kinetics accordingly. We believe the strategy for creating extra edge sites by
engineering hetero-nanostructures would provide new insights into designing efficient
electrocatalysts for hydrogen evolution in alkaline media.
116

Chapter 5 Engineering Additional Edge Sites on Molybdenum Dichalcogenides toward
Accelerated Alkaline Hydrogen Evolution Kinetics

5.5 References
1.

T. E. Mallouk, Nat. Chem., 2013, 5, 362.

2.

H. I. Karunadasa, E. Montalvo, Y. Sun, M. Majda, J. R. Long and C. J. Chang, Science,
2012, 335, 698-702.

3.

J. Mei, Y. Zhang, T. Liao, Z. Sun and S. X. Dou, Nat. Sci. Rev., 2017, 5, 389-416.

4.

G. Zhao, K. Rui, S. X. Dou and W. Sun, Adv. Funct. Mater., 2018, 28, 1803291.

5.

G. W. Crabtree, M. S. Dresselhaus and M. V. Buchanan, Phys. Today, 2004, 57, 39.

6.

R. F. Service, Science (New York, NY), 2009, 324, 1257.

7.

X. Zhang and Y. Liang, Adv. Sci., 2018, 5, 1700644.

8.

G. F. Chen, T. Y. Ma, Z. Q. Liu, N. Li, Y. Z. Su, K. Davey and S. Z. Qiao, Adv. Funct.
Mater., 2016, 26, 3314.

9.

J. Wang, L. Gan, W. Zhang, Y. Peng, H. Yu, Q. Yan, X. Xia and X. Wang, Sci. Adv.,
2018, 4, eaap7970.

10.

Z. Dai, H. Geng, J. Wang, Y. Luo, B. Li, Y. Zong, J. Yang, Y. Guo, Y. Zheng and X.
Wang, ACS nano, 2017, 11, 11031.

11.

H. Fan, H. Yu, Y. Zhang, Y. Zheng, Y. Luo, Z. Dai, B. Li, Y. Zong and Q. Yan, Angew.
Chem. Int. Ed., 2017, 56, 12566.

12.

Y. Chen, K. Rui, J. Zhu, S. X. Dou and W. Sun, Chem.- Eur. J., 2018, 25, 703.

13.

Y. Chen, Q. Zhou, G. Zhao, Z. Yu, X. Wang, S. X. Dou and W. Sun, Adv. Funct. Mater.,
2018, 28, 1705583.

14.

S. H. Ye, Z. X. Shi, J. X. Feng, Y. X. Tong and G. R. Li, Angew. Chem. Int. Ed., 2018,
57, 2672.

15.

J. X. Feng, S. H. Ye, H. Xu, Y. X. Tong and G. R. Li, Adv. Mater., 2016, 28, 4698.

16.

Q. Gong, L. Cheng, C. Liu, M. Zhang, Q. Feng, H. Ye, M. Zeng, L. Xie, Z. Liu and Y.
Li, ACS Catal., 2015, 5, 2213.
117

Chapter 5 Engineering Additional Edge Sites on Molybdenum Dichalcogenides toward
Accelerated Alkaline Hydrogen Evolution Kinetics

17.

H. Li, C. Tsai, A. L. Koh, L. Cai, A. W. Contryman, A. H. Fragapane, J. Zhao, H. S.
Han, H. C. Manoharan and F. Abild-Pedersen, Nat. Mater., 2016, 15, 48.

18.

J. Duan, S. Chen, B. A. Chambers, G. G. Andersson and S. Z. Qiao, Adv. Mater., 2015,
27, 4234.

19.

G. Zhao, P. Li, K. Rui, Y. Chen, S. X. Dou and W. Sun, Chem.- Eur. J., 2018, 24, 11158.

20.

S. Feng, X. Li, J. Huo, Q. Li, C. Xie, T. Liu, Z. Liu, Z. Wu and S. Wang, ChemCatChem,
2018, 10, 796.

21.

C. Ray, S. C. Lee, B. Jin, A. Kundu, J. H. Park and S. C. Jun, J. Mater. Chem. A, 2018,
6, 4466.

22.

Q. Chen, R. Wang, M. Yu, Y. Zeng, F. Lu, X. Kuang and X. Lu, Electrochim. Acta,
2017, 247, 666.

23.

H. Lin, Z. Shi, S. He, X. Yu, S. Wang, Q. Gao and Y. Tang, Chem. Sci., 2016, 7, 3399.

24.

C. Wan, Y. N. Regmi and B. M. Leonard, Angew. Chem., 2014, 126, 6525.

25.

F. H. Saadi, A. I. Carim, E. Verlage, J. C. Hemminger, N. S. Lewis and M. P. Soriaga,
J. Phys. Chem. C, 2014, 118, 29294.

26.

A.-L. Wang, J. Lin, H. Xu, Y.-X. Tong and G.-R. Li, J. Phys. Chem. A, 2016, 4, 16992.

27.

J.-X. Feng, S.-Y. Tong, Y.-X. Tong and G.-R. Li, J. Am. Chem. Soc., 2018, 140, 5118.

28.

Q. Liang, L. Zhong, C. Du, Y. Zheng, Y. Luo, J. Xu, S. Li and Q. Yan, Adv. Funct.
Mater., 2018, 28, 1805075.

29.

L. Xie, X. Ren, Q. Liu, G. Cui, R. Ge, A. M. Asiri, X. Sun, Q. Zhang and L. Chen, J.
Mater. Chem. A, 2018, 6, 1967.

30.

L. Wang, C. Lin, D. Huang, J. Chen, L. Jiang, M. Wang, L. Chi, L. Shi and J. Jin, ACS
Catal., 2015, 5, 3801.

31.

G. Zhao, Y. Lin, K. Rui, Q. Zhou, Y. Chen, S. Dou and W. Sun, Nanoscale, 2018, 10,
19074.

118

Chapter 5 Engineering Additional Edge Sites on Molybdenum Dichalcogenides toward
Accelerated Alkaline Hydrogen Evolution Kinetics

32.

F. Lai, D. Yong, X. Ning, B. Pan, Y. E. Miao and T. Liu, Small, 2017, 13, 1602866.

33.

X. Geng, W. Wu, N. Li, W. Sun, J. Armstrong, A. Al‐hilo, M. Brozak, J. Cui and T. p.
Chen, Adv. Funct. Mater., 2014, 24, 6123.

34.

T. F. Jaramillo, K. P. Jørgensen, J. Bonde, J. H. Nielsen, S. Horch and I. Chorkendorff,
science, 2007, 317, 100.

35.

Q. Ding, B. Song, P. Xu and S. Jin, Chem., 2016, 1, 699.

36.

Z. F. Huang, J. Song, K. Li, M. Tahir, Y. T. Wang, L. Pan, L. Wang, X. Zhang and J. J.
Zou, J. Am. Chem. Soc., 2016, 138, 1359.

37.

Y. Liu, J. Wu, K. P. Hackenberg, J. Zhang, Y. M. Wang, Y. Yang, K. Keyshar, J. Gu,
T. Ogitsu and R. Vajtai, arXiv preprint arXiv:1608.05755, 2016.

38.

B. Hinnemann, P. G. Moses, J. Bonde, K. P. Jørgensen, J. H. Nielsen, S. Horch, I.
Chorkendorff and J. K. Nørskov, J. Am. Chem. Soc., 2005, 127, 5308.

39.

D. Kong, H. Wang, J. J. Cha, M. Pasta, K. J. Koski, J. Yao and Y. Cui, Nano Lett., 2013,
13, 1341.

40.

K. K. Ghuman, S. Yadav and C. V. Singh, J. Phys. Chem. C, 2015, 119, 6518.

41.

Q. Zhou, Y. Chen, G. Zhao, Y. Lin, Z. Yu, X. Xu, X. Wang, H. K. Liu, W. Sun and S.
X. Dou, ACS Catal., 2018, 8, 5382.

42.

H. Li, C. Tsai, A. L. Koh, L. Cai, A. W. Contryman, A. H. Fragapane, J. Zhao, H. S.
Han, H. C. Manoharan and F. Abild-Pedersen, Nat. Mater., 2016, 15, 48.

43.

W. Jung, S. Lee, D. Yoo, S. Jeong, P. Miró, A. Kuc, T. Heine and J. Cheon, J. Am.
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6.1 Introduction
Recently, oxygen evolution catalysis has drawn ever-increasing attention because it plays a
critical role in a variety of energy conversion and storage devices, such as electrochemical water
splitting, metal-air batteries, and so forth.1-3 However, it has to be noted that the oxygen
evolution reaction (OER) kinetics is sluggish owing to the complicated four-electron transfer
process, which is regarded as the bottleneck for electrochemical water splitting and metal-air
batteries.3-7 Developing highly active catalysts is critical for achieving accelerated reaction
kinetics. Recently, Ni/Co-based layered double hydroxides (LDHs) have demonstrated to be
very promising OER catalysts due to their earth abundance, high electrocatalytic activity and
good stability.8-11 In particular, NiFe LDH, which can be considered as Fe3+ doped Ni(OH)2,
has been extensively studied owing to its extraordinary electrocatalytic activity,12 and intensive
research efforts have been made to further enhance the catalytic performance of NiFe LDH by
tuning the chemical composition and/or engineering various nanostructures. 10, 8, 12-17 It should
be noted that most reports were focused on coupling NiFe LDH with conductive carbonaceous
materials (e.g., graphene, carbon nanotubes).8,

18-21

In this regard, the catalytic activity is

basically enhanced by accelerated charge-transfer kinetics and some so-called synergistic
effects. Little attention has been paid to enhancing the intrinsic activity and/or increasing active
sites of NiFe LDH. For most transition metal-based 2D materials, the active sites are mainly
located at the edge sites, and the oxidation reaction to generate catalytically active phase with
high valence is hindered by the closed-packed basal planes in some degree.10,

22

Hence,

activating these basal planes is vital to further enhance the catalytic activity of nanostructured
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NiFe LDH. Recently, engineering various defects and nanopores in 2D electrocatalysts has been
developed as effective strategies to activate the basal planes.23-26 For example, Xie et al.
prepared ultrathin β-Ni(OH)2 nanomesh with abundant nanopores, leading to rich active sites
on basal planes, thus exhibiting remarkable catalytic performance.24 And Ye et al. introduced
abundant active sites on the surface of MoS2 by oxygen plasma exposure and hydrogen
treatment, resulting in significant enhancement of hydrogen evolution activity.26 Besides, the
nanoporous structure is also helpful to mass transfer and gas bubbles release.27 Currently, NiFe
LDH is mainly synthesized by one-pot processes, mainly including homogeneous coprecipitation,12, 19, 28-30 hydrothermal reaction,14, 15, 28 and electrodeposition31-36. However, NiFe
LDH synthesized by these methods endows close-packed basal planes, which considerably
restrict the exposure of active sites.
Herein, a facile cation-exchange process is developed to synthesize Fe-doped Ni(OH)2
nanosheets with abundant active sites. The Fe-doped Ni(OH)2 nanosheets prepared by this
cation-exchange process show substantially improved electrocatalytic performance than
pristine Ni(OH)2 nanosheets and NiFe LDH with similar ratio of Ni/Fe. Moreover, this cationexchange process is successfully utilized to prepare highly active Fe-doped Co(OH)2
nanosheets. The results suggest that cation exchange is a very promising approach to engineer
nanostructures with significantly enriched defects and active sites towards enhanced
electrocatalysis.

6.2 Experimental Section
6.2.1 Materials Preparation
6.2.1.1 Synthesis of Ni(OH)2 and Co(OH)2 Nanosheets
Ni(OH)2 nanosheets were synthesized by a modified solvothermal reaction method.37 For the
synthesis of Ni(OH)2 nanosheets, 0.9 mmol nickel(II) nitrate hexahydrate and 1.8 mmol urea
were dissolved in a mixed solution of DI water (12 mL) and ethylene glycol (EG, 28 mL). After
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stirring for 1h, the solution was transferred to a 50 mL Teflon-lined stainless steel autoclave for
solvothermal reaction at 120 °C for 12 h. After cooling down to room temperature, the products
were collected by centrifugation, washed with DI water and ethanol, and followed by drying at
60 °C in oven for 10 h. For the synthesis of Co(OH)2 nanosheets, 0.9 mmol cobalt(II) nitrate
hexahydrate and 1.8 mmol hexamethylenetetramine (HMT) were dissolved in a mixed solution
of DI water (16 mL) and EG (24 mL). Then, the solution was transferred to a 50 mL Teflonlined stainless steel autoclave for solvothermal reaction at 120 °C for 10 h. The products were
collected by centrifugation, washed with DI water and ethanol three times, and eventually dried
at 60 °C in oven for 10 h.
6.2.1.2 Synthesis of Fe-doped Ni(OH)2 Nanosheets and Fe-doped Co(OH)2 Nanosheets
Fe-doped Ni(OH)2 nanosheets were synthesized via the cation-exchange reaction. Firstly, 50
mg Ni(OH)2 nanosheets was added into 50 mL ethanol. The mixture was sonicated for 3 h and
stirred for another 1 h to get a suspension. And then, anhydrous FeCl3 (5 mg, 12.5 mg or 20
mg) was added to the suspension, and was stirred at 50 °C for 12 h for sufficient cationexchange reaction to eventually obtain Fe-doped Ni(OH)2 nanosheets. The Fe-doped Ni(OH)2
nanosheets were collected by centrifugation, washed with DI water and ethanol for three times,
and eventually drying in oven at 60 °C for 10 h. The Ni/Fe ratio of Fe-doped Ni(OH)2
nanosheets were measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The
nominal composition was determined to be Ni0.97Fe0.03(OH)2, Ni0.83Fe0.17(OH)2, and
Ni0.77Fe0.23(OH)2 for the sample using 5, 12.5, and 20 mg FeCl3, respectively. The synthesis
procedure of Fe-doped Co(OH)2 nanosheets was similar to the that of Fe-doped Ni(OH)2
nanosheets, while the precursor material is Co(OH)2 nanosheets rather than Ni(OH)2.
6.2.1.3 Synthesis of NiFe LDH Nanosheets
The synthesis procedure of Ni0.85Fe0.15(OH)2 LDH nanosheets is similar to that of Ni(OH)2
nanosheets. 0.75 mmol nickel(II) nitrate hexahydrate, 0.15 mmol Iron(III) nitrate nonahydrate
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and 1.8 mmol urea were dissolved in a mixed solvent of DI water (12 mL) and EG (28 mL).
After stirring for 1h, the solution was transferred to a 50 mL Teflon-lined stainless steel
autoclave for solvothermal reaction at 120 °C for 12 h. After cooling down to room temperature,
the products were collected by centrifugation, washed with DI water and ethanol three times,
and eventually dried in oven at 60 °C for 10 h.
6.2.2 Physical Characterization
X-ray diffraction (XRD) patterns of the samples were measured by GBC Scientific Equipment
LLC X-ray powder diffractometer (Cu Kα, λ = 1.54182 Å). The morphology of the samples
were acquired using JEM-2010 transmission electron microscope (TEM) with an acceleration
voltage of 200 kV. High-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) images were collected using a probe-corrected JEOL ARM200F with an
acceleration voltage of 200 kV. The elemental mapping was carried out by four symmetrical
EDS signal detectors equipped on FEI Talos F200X. X-ray photoelectron spectroscopy (XPS)
was acquired on a Thermo ESCALAB 250Xi instrument (Al Kα). The ICP emission spectrum
was conducted on a Perkin Elmer Optima 7300DV ICP emission spectroscope. Contact angles
were measured on Dataphysics OCA15 with 1 μL 1 M KOH solution for each testing. Raman
spectra were acquired using a Raman spectrometer (Lab RAM HR, Horiba Jobin Yvon SAS).
6.2.3 Electrochemical Measurements
All electrochemical tests were performed in a standard three electrode system using a
WaveDriver 20 electrochemistry workstation (Pine Research Instruments, US) at room
temperature. Pt wire was used as the counter electrode and Ag/AgCl (saturated KCl solution)
was employed as the reference electrode. For preparation of the working electrode, 4.0 mg
catalyst was dispersed in 1 mL water-isopropanol mixed solution with volume ratio of 3:1
containing 30 μL nafion solution (5 wt%), and the above suspension was then sonicated for at
least 1h to obtain a homogeneous ink. 10 μL of the catalyst ink was drop-cast onto a glassy
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carbon electrode (GCE) with diameter of 5 mm, and the mass loading on GCE is 0.204 mg cm2

. Finally, the catalyst film was dried naturally in air. The potential data were converted to the

potential vs. reversible hydrogen electrode (RHE) according to the equation E (RHE) = E
(Ag/AgCl) + 0.059 PH + 0.197 V. Linear sweep voltammetry (LSV) was conducted with a scan
rate of 5 mV s-1 at the rotation speed of 1600 rpm. All LSV polarization curves were corrected
with 90% iR-compensation. The double layer capacitance (Cdl), which was used to roughly
represent the electrochemical surface area (ECSA), was estimated by cyclic voltammetry (CV)
at a potential window of 0.35-0.4 V (vs. Ag/AgCl) at scan rates of 40, 60, 80, 100, 120 and 140
mV s−1. Cdl was obtained by plotting the ΔJ = ( Ja - Jc ) at 0.375 V(vs. Ag/AgCl) against the scan
rate, and the linear slope is twice of the Cdl value. The AC impedance spectra were performed
with frequency ranging from 100 kHz to 10 mHz at 0.5 V (vs. Ag/AgCl).

6.3 Results and Discussion
Figure 6.1 illustrates the synthesis of holey Fe-doped Ni(OH)2 nanosheets by a cation exchange
reaction. Firstly, Fe3+ ions adsorb on the surface of Ni(OH)2 nanosheets, and they prefer to
accumulating on the edge and defect sites.37, 38 Then, Fe3+ and Ni2+ are involved in the cation
exchange process, which means that partial lattice sites of Ni2+ are substituted with Fe3+. It is
well known that Ni2+ could be replaced by Fe3+ in the Ni(OH)2 lattice, generating a stable LDH
structure.39-41 It should be noted that, in addition to cation exchange, chemical etching might
occur simultaneously accompanied with the generation of Fe(OH)3 (or FeOOH). As a
consequence, considerable amount of nanopores, grain boundaries and defects including Ni and
O vacancies would be formed within basal planes accordingly after Ni2+ is dissolved.24, 25, 42-44
Hence, defect-enriched, holey, Fe-doped Ni(OH)2 nanosheets can be synthesized via this facile
cation-exchange process, and this unique structure would ensure the maximal exposure of
active sites on the basal planes of doped Ni(OH)2 nanosheets.
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Figure 6.1 Schematic illustration of the preparation of Fe-doped Ni (OH)2 nanosheets.
Hydrogen atoms are omitted.
A series of Fe-doped Ni(OH)2 nanosheets (Ni1-xFex(OH)2) were synthesized by the cationexchange process, and Fe content was controlled by tuning the weight of FeCl 3. The nominal
composition of Fe-doped Ni(OH)2 nanosheets was determined to be Ni0.97Fe0.03(OH)2,
Ni0.83Fe0.17(OH)2, and Ni0.77Fe0.23(OH)2 for the reaction using 5, 12.5, and 20 mg FeCl3,
respectively. Figure 6.2a displays the XRD patterns of Ni1-xFex(OH)2 and pristine Ni(OH)2. As
can be seen, Ni1-xFex(OH)2 possess the same hexagonal phase structure with pristine Ni(OH)2
(JCPDS No. 38-0715), and the diffraction peaks located at around 11.5°, 33.7° and 59.9°
correspond to (003), (101) and (110) planes, respectively, suggesting that the crystal structure
is well maintained after cation exchange. It is noteworthy that the (003) diffraction peak of Ni1xFex(OH)2

shifts to higher angles as compared with Ni(OH)2, and this can be ascribed to the

lattice shrinkage induced by the substitution of Ni2+ (69 pm) with smaller Fe3+ (55 pm).
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Figure 6.2 (a) XRD pattern of Ni(OH)2 and Ni1-xFex(OH)2; TEM images of Ni0.83Fe0.17(OH)2
(b, c), Ni(OH)2 (d), and NiFe LDH (e); (f) HRTEM of Ni0.83Fe0.17(OH)2; (g) atomic resolution
HAADF-STEM image of Ni0.83Fe0.17(OH)2 nanosheets; (h) HAADF-STEM image and
corresponding elemental mappings of Ni0.83Fe0.17(OH)2. Inset of Figure 2a is digital photos of
Ni(OH)2, Ni0.97Fe0.03(OH)2, Ni0.83Fe0.17(OH)2, Ni0.77Fe0.23(OH)2, and NiFe LDH (from left to
right) dispersed in ethanol.
In addition, NiFe LDH also shows similar XRD pattern to that of Ni1-xFex(OH)2 (Figure 6.3).
Inset of Figure 6.2a shows photograph of Ni(OH)2 and Ni1-xFex(OH)2 in ethanol solution.
Obviously, the colour of products becomes more yellow with increasing of iron amount. TEM
measurements were performed to investigate the microstructure of Ni1-xFex(OH)2.
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Figure 5.3 XRD pattern of NiFe LDH.
Figure 6.2b presents a typical TEM image of Ni0.83Fe0.17(OH)2, and clearly it shows thin
nanosheet morphology, indicating that the nanosheet morphology of Ni(OH)2 (Figure 6.4a and
c) is inherited very well after cation exchange. Ni(OH)2 and NiFe LDH both exhibited smooth
surface and flexible, transparent feature, suggesting fundamental characteristics in common of
this kind of ultrathin sheet-like nanostructure. The lattice spacing of 0.154 nm and 0.25 nm is
corresponding to Ni(OH)2 (110) plane and NiFe LDH (012) plane, respectively. Unlike pristine
Ni(OH)2 and NiFe LDH nanosheets (Figure 6.2c and d) that have very smooth and flexible
surface and good growth orientation, Ni0.83Fe0.17(OH)2 (Figure 6.2e and Figure 6.5) nanosheets
have a coarser surface and distinct grain boundaries appears. The generation of FeOOH
confirms the existence of anion exchange reaction. It can be observed from the atomic force
microscope (AFM) images (Figure 6.6) that the surface of Ni0.83Fe0.17(OH)2 nanosheets is
coarser than that of NiFe LDH.
For Ni0.83Fe0.17(OH)2, the thickness of the nanosheet varies from 0.8 nm to 1.3 nm with
thickness fluctuation of 0.5 nm (Figure 6.6c), which is much higher than that of NiFe LDH (0.2
nm). The higher the thickness fluctuation, the coarser the nanosheet is. It has to be mentioned
that the increased surface roughness would increase the hydrophilicity of the active materials,45,
46

which is beneficial to mass diffusion kinetics in aqueous media. As shown in the high-

resolution TEM (HRTEM) (Figure 6.2f), the lattice fringes with a spacing of 0.15 nm can be
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assigned to (110) planes of Ni0.83Fe0.17(OH)2. Notably, the lattice spacing of 0.22 nm
corresponds to the (020) planes of FeOOH (JCPDS No. 26-0792) (Figure 6.5), and this
confirms the occurrence of chemical etching besides cation exchange.

Figure 6.4 TEM images of pure Ni(OH)2 (a, c) and NiFe LDH (b, d).

Figure 6.5 (a-d) TEM images of Ni0.83Fe0.17(OH)2.
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Figure 6.6 AFM images of (a) Ni0.83Fe0.17(OH)2 and (b) NiFe LDH, (c) Cross-section line
profile of the Ni0.83Fe0.17(OH)2 and NiFe LDH ultrathin nanosheet shown in (a) and (b).
Moreover, the formation of nanopores (ca. 1 nm) in Ni0.83Fe0.17(OH)2 nanosheets can be clearly
observed from the HAADF-STEM image (Figure 6.2g). Such holey nanosheet morphology is
more beneficial to the formation of active phase with high valence than the nanosheets with
close-packed basal planes.10, 22, 24 Furthermore, the holey structure also helps to accelerate
electrolyte penetration and the release of gas bubbles.47 Both Ni0.97Fe0.03(OH)2 and
Ni0.77Fe0.23(OH)2, show similar morphology to Ni0.83Fe0.17(OH)2, as can be seen from Figure
6.7. It has to be mentioned that Ni0.97Fe0.03(OH)2 merely endows abundant grain boundaries
without obvious nanopores, while nanopores can be clearly observed in Ni0.77Fe0.23(OH)2,
indicating enhanced chemical etching with increasing Fe3+. And the yield of Ni1-xFex(OH)2
decreases dramatically with increasing Fe3+ during reaction, further confirming more severe
etching. In addition, the STEM elemental mappings, as shown in Figure 6.2h, reveal uniform
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distribution of Ni, Fe and O in Ni0.83Fe0.17(OH)2 nanosheets, revealing that Fe3+ doping is
achieved uniformly in the nanosheets by this cation-exchange process. As can be seen form the
Raman spectroscopy (Figure 6.8), Ni0.83Fe0.17(OH)2 exhibits a similar broad peak to NiFe LDH
at around 531 cm-1, which is corresponding to Fe-O bond,28 while this peak is absent for pristine
Ni(OH)2. The Raman results further validate that Fe3+ is successfully doped into Ni(OH)2 via
Fe3+/Ni2+ exchange reaction.

Figure 6.7 TEM images of Ni0.97Fe0.03(OH)2 (a, c), Ni0.77Fe0.23(OH)2 (b, d).

Figure 6.8 Raman spectrums of Ni(OH)2, Ni0.83Fe0.17(OH)2 and NiFe LDH.
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Figure 6.9 shows the survey scan XPS spectrum of Ni0.83Fe0.17(OH)2, and all the peaks are
labelled and reveal the existence of Ni, Fe, and O. As can be seen from Figure 6.9b, two peaks
located around 856.1 eV and 873.7 eV correspond to Ni 2p3/2 and Ni 2p1/2, respectively, and the
spin-energy separation of 17.6 eV is the characteristic of Ni2+ in Ni(OH)2.48 In Figure 6.9c, the
peaks with binding energy of 712.5 eV and 725.5 correspond to Fe 2p3/2 and Fe 2p1/2,
respectively. After fitting, the peaks at 713.4 and 726.6 eV correspond to Fe 2p3/2 and Fe 2p1/2
of Fe-OH in Ni0.83Fe0.17(OH)2,50 and the peaks at 711.0 and 724.6 eV can be assigned to Fe 2p3/2
and Fe 2p1/2 of FeOOH.49 With regard to the high-resolution spectrum for O 1s (Figure 6.9d),
the peaks at 532.2, 531.2, and 529.5 eV can be attributed to water molecules adsorbed on
nanosheets surface, hydroxyl groups in Ni0.83Fe0.17(OH)2, and lattice oxygen in FeOOH.50, 51
Notably, both the peaks of Fe 2p3/2 and Fe 2p1/2 shift to lower binding energy with increasing
Fe3+ during reaction (Figure 6.10), which can be ascribed to the increment of FeOOH. This
phenomenon is also confirmed by the O1s spectrum (Figure 6.11), and the proportion of lattice
oxygen increases gradually with the increase of iron doping amount. Specifically, the
percentage of FeOOH in Ni0.97Fe0.03(OH)2, Ni0.83Fe0.17(OH)2 and Ni0.77Fe0.23(OH)2 is
determined to be around 1.5%, 3.2% and 5.3%, respectively.

133

Chapter 6 Active Site-Enriched Iron-Doped Nickel/Cobalt Hydroxide Nanosheets for Enhanced
Oxygen Evolution Reaction

Figure 6.9 XPS spectra of Ni0.83Fe0.17(OH)2: (a) survey spectrum, (b) Ni 2p, (c) Fe 2p and (d)
O 1s.

Figure 6.10 Fe 2p spectrum of Ni1-xFex(OH)2
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Figure 6.11 O 1s spectrum of Ni0.97Fe0.03(OH)2 (a), Ni0.83Fe0.17(OH)2 (b), Ni0.77Fe0.23(OH)2 (c);
(d) percentage of Fe-O for Ni1-xFex(OH)2.
The catalytic activity of Ni1-xFex(OH)2 along with pristine Ni(OH)2 and NiFe LDH was
measured using a rotating disk electrode in O2-saturated 1 M KOH solution. Figure 6.12a
shows representative iR-corrected LSV polarization curves of the samples. In the polarization
curve of Ni(OH)2, the peak at around 1.42 V versus RHE is associated with the redox reaction
of Ni2+/Ni3+.52 Notably, this redox reaction appears at a higher potential for Ni0.83Fe0.17(OH)2
and NiFe LDH, possibly due to the electronic structure change of the material after Fe
incorporation, and this potential shift is also a good indicator to determine whether Fe is doped
into Ni(OH)2 or Co(OH)2 catalysts.53, 54 Clearly, the catalytic ability of Ni1-xFex(OH)2 varies
significantly with Fe doping content. In particular, Ni0.83Fe0.17(OH)2 shows the best OER
performance, which is substantially enhanced as compared with other samples. To reach a
current density of 10 mA cm-2, a low overpotential of only 245 mV is required for
Ni0.83Fe0.17(OH)2, which is 115 and 65 mV lower than that of pristine Ni(OH)2 and NiFe LDH,
respectively (Figure 6.12b). It has to be noted that the catalytic performance of
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Ni0.83Fe0.17(OH)2 is among the best of the reported Ni(OH)2 and NiFe LDH catalysts tested
under similar conditions, and is even comparable to that of the samples with conductive
substrates (e.g., nickel foam) or conductive additives (e.g., carbon nanotubes) (Table 6.1). In
addition, Ni0.97Fe0.03(OH)2 and Ni0.77Fe0.23(OH)2 also exhibit better catalytic performance than
pristine Ni(OH)2. The electrocatalytic ability of Ni1-xFex(OH)2 is well consistent with previous
reports that the OER performance of Ni(OH)2-based catalysts can be greatly improved after Fe
incorporation.17, 36, 13, 31, 38, 55 The exact reason for Fe doping-induced performance improvement
is still under debate.

36, 31, 56

It was proposed that Fe doping into Ni(OH)2 may result in

conductivity improvement and accelerated charge transfer from Fe sites to Ni active centers,
thereby inducing enhanced catalytic performance.31 However, Li et al. hypothesized that the
Lewis acidity of Fe3+ would increase Ni-O hybridization, thus resulting in improved catalytic
activity.56 Based on the aforementioned discussion, Ni0.77Fe0.23(OH)2 contains considerable
amount of FeOOH, which is nearly electrochemically inert for OER (Figure 6.13), and the
inactive FeOOH nanograins located on nanosheets surface also hinder exposure of the active
sites. Consequently, the catalytic activity of Ni0.77Fe0.23(OH)2 deteriorates severely as compare
with Ni0.83Fe0.17(OH)2. The improved catalytic kinetics of Ni0.83Fe0.17(OH)2 is also evidenced
by its reduced Tafel slope, as shown in Figure 6.12c. The Tafel slope of Ni0.83Fe0.17(OH)2 is 61
mV dec-1, which is lower than both of Ni(OH)2 (72 mV dec-1) and NiFe LDH (78 mV dec-1).
Furthermore, as shown in Figure 6.12d, the current density of Ni0.83Fe0.17(OH)2 reaches as high
as 41 mA cm-2 at an overpotential of 300 mV, which is 20 and 5 times higher than those of
Ni(OH)2 (2.0 mA cm-2) and NiFe LDH (7.5 mA cm-2), respectively. Figure 6.12e shows the
performance durability of Ni0.83Fe0.17(OH)2 evaluated at 10 mA cm-2. One can see that the
potential only increases by 20 mV during 10-h operation, suggesting very promising catalytic
performance stability. Moreover, even after accelerated electrochemical aging (electrochemical
cycling between 1.023 and 1.623 V vs. RHE, 200 cycles), Ni0.83Fe0.17(OH)2 possess almost
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unchanged morphology, and the nanopores (1-2 nm) on the nanosheets can still be clearly
observed (Figure 6.14), revealing good morphology stability of the Ni0.83Fe0.17(OH)2
nanosheets over cycling.

Figure 6.12 (a) iR-corrected LSV polarization curves measured at a scan rate of 5 mV s-1 in
1M KOH solution, (b) overpotential required at 10 mA cm-2, (c) Tafel plots derived from LSV
curves, (d) current densities at an overpotential of 300 mV, (e) chronopotentiometry curve of
Ni0.83Fe0.17(OH)2 at a constant current density of 10 mA cm-2.
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Figure 6.13 iR-corrected polarization curve of FeOOH measured at scan rate of 5 mV s-1 in
1M KOH solution.

Figure 6.14 (a-d) TEM images of Ni0.97Fe0.03(OH)2 after 200 cycles.
It has to be noted that, besides pristine Ni(OH)2 nanosheets, the catalytic activity of
Ni0.83Fe0.17(OH)2 also significantly outperforms NiFe LDH with similar chemical composition
(Ni0.85Fe0.15(OH)2) that is prepared via a one-step solvothermal process. The enhanced OER
activity of Ni0.83Fe0.17(OH)2 over NiFe LDH can be attributed to the defect-enriched holey basal
planes of Ni0.83Fe0.17(OH)2 prepared via the cation-exchange process. Firstly, the holey
nanosheet morphology along with abundant Ni and O vacancies, which are induced by chemical
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etching of Fe3+, help to expose more ion-accessible sites and hence more active sites. The
double layer capacitance (Cdl) determined based on the CV curves is used to roughly represent
the corresponding ECSA of the samples. As can be seen from Figure 6.15, the current density
of Ni0.83Fe0.17(OH)2 is much higher than that of NiFe LDH. The linear slope of NiFe LDH is 2.0
mF cm-2, while Ni0.83Fe0.17(OH)2 has a higher linear slope of 7.6 mF cm-2 (Figure 6.16a), which
means Ni0.83Fe0.17(OH)2 possesses higher ECSA than NiFe LDH. Secondly, Ni0.83Fe0.17(OH)2
exhibits better wettability than NiFe LDH and pristine Ni(OH)2. As shown in Figure 6.16c-e,
the static contact angle is 25° and 32° for pristine Ni(OH)2 and NiFe LDH. In contrast, the
contact angle of Ni0.83Fe0.17(OH)2 decreases to 13°, revealing a much more hydrophilic surface.
The improved catalyst surface wettability would ensure fast electrolyte penetration and
accelerate migration of hydroxyl groups and oxygen release as well. 48, 47, 57, 58 Figure 6.16b
presents the electrochemical impedance spectra (EIS) of Ni0.83Fe0.17(OH)2 and NiFe LDH. Both
EIS curves consist of two apparent semicircles. Basically, the high-frequency semicircle is
mainly associated with charge transfer resistance and the low-frequency semicircle is related to
the mass-diffusion process.59 Clearly, both charge transfer and mass-diffusion resistances of
Ni0.83Fe0.17(OH)2 are significantly reduced compared with NiFe LDH, and this can be mainly
ascribed to the holey nanosheets composed of nanograins and improved wettability of
Ni0.83Fe0.17(OH)2. The high ECSA and decreased resistances eventually result in substantially
accelerated reaction kinetics for Ni0.83Fe0.17(OH)2.
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Figure 6.15 CV curves of (a) NiFe LDH and (b) Ni0.83Fe0.17(OH)2 electrode in 1M KOH with
different scan rates.

Figure 6.16 (a) Current density differences at 0.375 V (vs. Ag/AgCl) plotted against the scan
rate measured in a non-Faradaic range. (b) Electrochemical impedance spectra measured at 0.5
V (vs. Ag/AgCl). Contact angle measurements of (c) pure Ni(OH)2, (d) Ni0.83Fe0.17(OH)2 and
(e) NiFe LDH.
This facile cation-exchange process is also successfully extended to synthesize Fe-doped
Co(OH)2 nanosheets (Figure 6.17). Fe-doped Co(OH)2 and Co(OH)2 both show peaks at
around 10.5°, 33.1° and 59.0° correspond to (003), (101) and (110) planes of typical αhydroxides,1 indicating the crystal structure of Fe-doped Co(OH)2 is maintained after cation
exchange. It is noted that the (110) diffraction peak of Fe-doped Co(OH)2 shifts to higher degree
as compared with Co(OH)2, which can also be attributed to the lattice shrinkage induced by the
substitution of Ni2+ (65 pm) with smaller Fe3+ (55 pm). In addition, the peak at 39.8° in curve
of Fe-doped Co(OH)2, which can be indexed to FeOOH (JCPDS No. 26-0792) induced by
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chemical etching. As shown in Figure 6.18, Fe-doped Co(OH)2 nanosheets contain significant
grain boundaries and have rougher surface after Fe3+/Co2+ cation exchange reaction. Moreover,
improved hydrophilicity is also achieved after Fe incorporation (Figure 6.19). Fe doped
Co(OH)2 with rough surface and distinct grain boundaries is much more hydrophilic with a
contact angle of 26°, in contrast to 49° for Co(OH)2, which importantly facilitated the affinity
between the catalyst and electrolyte and enhanced the permeation of electrolyte ions.

Figure 6.17 XRD pattern of Co(OH)2 and Fe-doped Co(OH)2.

Figure 6.18 TEM images of pure Co(OH)2 (a, b) and Fe-doped Co(OH)2 (c, d).
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Figure 6.19 Contact angle measurements of (a) pure Co(OH)2 and (b) Fe-doped Co(OH)2.
Similar to Fe-doped Ni(OH)2, Fe-doped Co(OH)2 delivers better catalytic performance than
that of pristine Co(OH)2 nanosheets. As can be seen from Figure 6.20, Fe-doped Co(OH)2
shows lower overpotential and Tafel slope (320 mV at 10 mA cm-2, 53 mV dec-1) than those of
pristine Co(OH)2 (370 mV at 10 mA cm-2, 69 mV dec-1). The enhanced performance of Fedoped Co(OH)2 can also be ascribed to the altered electronic property of Co(OH)2 after Fe
doping, increased grain boundaries and consequently more active sites. The results demonstrate
that this cation exchange process is universal for preparing highly active Ni(OH)2- and
Co(OH)2-based OER catalysts.

Figure 6.20 (a) iR-corrected polarization curves measured at scan rate of 5 mV s-1 in 1M KOH
solution, (b) Tafel plots derived from LSV curves.
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Table 6.1 OER performance comparison of some Ni(OH)2 and NiFe LDH-based materials.
Catalyst

Substrate

Catalyst
loading
(μg cm-2)

Electrolyte

Holey β-Ni(OH)2

GC

204

1.0 M KOH

335

65

42

α- Ni(OH)2 nanoparticles

GC

142

1.0 M KOH

299

53

60

NiFe LDH

GC

70

1.0 M KOH

347

67

15

GC

70

1.0 M KOH

302

40

15

GC

280

1.0 M KOH

280

40

14

HOPG

444

1.0 M KOH

280

47.6

61

NiFe LDH/CNT hybrid

CFP

250

1.0 M KOH

247

31

12

FeNi LDH

NF

250

1.0 M KOH

232

48

18

FeNi-rGO LDH hybrid

NF

250

1.0 M KOH

206

39

18

Ni-Fe/3D-ErGO

Au

140

1.0 M KOH

259

33

62

NiFe/RGO

GC

1000

1.0 M KOH

245

-

63

NiFe LDH@HPGC

GC

285

1.0 M KOH

265

56

64

NiFe LDH-NS@DG

GC

283

1.0 M KOH

210

52

65

Ni0.83Fe0.17(OH)2

GC

204

1.0 M KOH

245

61

This work

NiFe LDH exfoliated
2-

NiFe LDH-MoO4

Overpotential
(mV)
j=10 mA cm-2

Tafel slope
(mV dec-1)

Ref.

/Ketjen black
NiFe LDH

Note: HOPG=Highly-ordered Pyrolytic Graphite CFP= Carbon Fiber Paper NF= Nickel
Foam

6.4 Conclusion
In summary, a general cation exchange process was developed to synthesize efficient Ni(OH)2and Co(OH)2-based catalysts for oxygen evolution catalysis. As a proof-of-concept application,
holey Fe-doped Ni(OH)2 nanosheets with abundant defects were prepared via Fe3+/Ni2+ cation
exchange, and showed high electrochemical active surface area and improved surface
wettability. Consequently, the active site-enriched Fe-doped Ni(OH)2 nanosheets delivered
substantially enhanced catalytic performance over pristine Ni(OH)2 and NiFe LDH. Moreover,
highly active Fe-doped Co(OH)2 nanosheets were also successfully prepared via the similar
process. We believe that this novel strategy would shed light on developing high-performance
heteroatom-doped catalysts with abundant active sites.

143

Chapter 6 Active Site-Enriched Iron-Doped Nickel/Cobalt Hydroxide Nanosheets for Enhanced
Oxygen Evolution Reaction

6.5 References
1.

H. B. Gray, Nat. chem., 2009, 1, 7.

2.

T. R. Cook, D. K. Dogutan, S. Y. Reece, Y. Surendranath, T. S. Teets and D. G. Nocera,
Chem.Rev., 2010, 110, 6474.

3.

F. Cheng and J. Chen, Chem. Soc. Rev., 2012, 41, 2172.

4.

J. Suntivich, K. J. May, H. A. Gasteiger, J. B. Goodenough and Y. Shao-Horn, Science,
2011, 334, 1383.

5.

S. W. Lee, C. Carlton, M. Risch, Y. Surendranath, S. Chen, S. Furutsuki, A. Yamada,
D. G. Nocera and Y. Shao-Horn, J. Am. Chem. Soc., 2012, 134, 16959.

6.

J. Wang, H. x. Zhong, Y. l. Qin and X. b. Zhang, Angew. Chem., 2013, 125, 5356.

7.

X. Liu, M. Park, M. G. Kim, S. Gupta, G. Wu and J. Cho, Angew. Chem. Int. Ed., 2015,
54, 9654.

8.

C. Tang, H. S. Wang, H. F. Wang, Q. Zhang, G. L. Tian, J. Q. Nie and F. Wei, Adv.
Mater., 2015, 27, 4516.

9.

Z. Zhao, H. Wu, H. He, X. Xu and Y. Jin, Adv. Funct. Mater., 2014, 24, 4698.

10.

M. S. Burke, M. G. Kast, L. Trotochaud, A. M. Smith and S. W. Boettcher, J. Am. Chem.
Soc., 2015, 137, 3638.

11.

Y. Chen, Q. Zhou, G. Zhao, Z. Yu, X. Wang, S. X. Dou and W. Sun, Adv. Funct. Mater.,
2018, 28, 1705583.

12.

M. Gong, Y. Li, H. Wang, Y. Liang, J. Z. Wu, J. Zhou, J. Wang, T. Regier, F. Wei and
H. Dai, J. Am. Chem. Soc., 2013, 135, 8452.

13.

K. Zhu, H. Liu, M. Li, X. Li, J. Wang, X. Zhu and W. Yang, J. Mater. Chem. A, 2017,
5, 7753.

14.

N. Han, F. Zhao and Y. Li, J. Mater. Chem. A, 2015, 3, 16348.

15.

F. Song and X. Hu, Nat. Commun., 2014, 5.
144

Chapter 6 Active Site-Enriched Iron-Doped Nickel/Cobalt Hydroxide Nanosheets for Enhanced
Oxygen Evolution Reaction

16.

K. Yan, T. Lafleur, J. Chai and C. Jarvis, Electrochem. Commun., 2016, 62, 24.

17.

L. Yu, H. Zhou, J. Sun, F. Qin, F. Yu, J. Bao, Y. Yu, S. Chen and Z. Ren, Energy
Environ. Sci., 2017, 10, 1820.

18.

X. Long, J. Li, S. Xiao, K. Yan, Z. Wang, H. Chen and S. Yang, Angew. Chem., 2014,
126, 7714.

19.

W. Ma, R. Ma, C. Wang, J. Liang, X. Liu, K. Zhou and T. Sasaki, ACS nano, 2015, 9,
1977.

20.

X. Zhu, C. Tang, H.-F. Wang, Q. Zhang, C. Yang and F. Wei, J. Mater. Chem. A, 2015,
3, 24540.

21.

D. Tang, J. Liu, X. Wu, R. Liu, X. Han, Y. Han, H. Huang, Y. Liu and Z. Kang,
ACS Appl. Mater. Interfaces, 2014, 6, 7918.

22.

L. Trotochaud, J. K. Ranney, K. N. Williams and S. W. Boettcher, J. Am. Chem. Soc.,
2012, 134, 17253.

23.

J. Bao, X. Zhang, B. Fan, J. Zhang, M. Zhou, W. Yang, X. Hu, H. Wang, B. Pan and Y.
Xie, Angew. Chem., 2015, 127, 7507.

24.

J. Xie, X. Zhang, H. Zhang, J. Zhang, S. Li, R. Wang, B. Pan and Y. Xie, Adv. Mater.,
2017, 29, 1701584.

25.

W. Zhao, C. Zhang, F. Geng, S. Zhuo and B. Zhang, ACS nano, 2014, 8, 10909.

26.

G. Ye, Y. Gong, J. Lin, B. Li, Y. He, S. T. Pantelides, W. Zhou, R. Vajtai and P. M.
Ajayan, Nano Lett., 2016, 16, 1097.

27.

S. Mazloomi and N. Sulaiman, Renew. Sustain. Energy Rev., 2012, 16, 4257.

28.

Z. Lu, W. Xu, W. Zhu, Q. Yang, X. Lei, J. Liu, Y. Li, X. Sun and X. Duan, Chem.
Commun., 2014, 50, 6479.

29.

J. Y. Chen, L. Dang, H. Liang, W. Bi, J. B. Gerken, S. Jin, E. E. Alp and S. S. Stahl, J.
Am. Chem. Soc., 2015, 137, 15090.

145

Chapter 6 Active Site-Enriched Iron-Doped Nickel/Cobalt Hydroxide Nanosheets for Enhanced
Oxygen Evolution Reaction

30.

S. Dresp, F. Luo, R. Schmack, S. Kühl, M. Gliech and P. Strasser, Energy Environ. Sci.,
2016, 9, 2020.

31.

L. Trotochaud, S. L. Young, J. K. Ranney and S. W. Boettcher, J. Am. Chem. Soc., 2014,
136, 6744.

32.

J. R. Swierk, S. Klaus, L. Trotochaud, A. T. Bell and T. D. Tilley, J. Phys. Chem. C,
2015, 119, 19022.

33.

Z. Li, M. Shao, H. An, Z. Wang, S. Xu, M. Wei, D. G. Evans and X. Duan, Chem. Sci.,
2015, 6, 6624.

34.

M. W. Louie and A. T. Bell, J. Am. Chem. Soc., 2013, 135, 12329.

35.

C. G. Morales-Guio, M. T. Mayer, A. Yella, S. D. Tilley, M. Grätzel and X. Hu, J. Am.
Chem. Soc., 2015, 137, 9927.

36.

N.-C. Lo, P.-C. Chung, W.-J. Chuang, S. C. Hsu, I.-W. Sun and P.-Y. Chen, J.
Electrochem. Soc., 2016, 163, D9.

37.

S. E. Wark, C.-H. Hsia and D. H. Son, J. Am. Chem. Soc., 2008, 130, 9550.

38.

M. B. Stevens, C. D. Trang, L. J. Enman, J. Deng and S. W. Boettcher, J. Am. Chem.
Soc., 2017, 139, 11361.

39.

X. Zhao, S. Xu, L. Wang, X. Duan and F. Zhang, Nano Res., 2010, 3, 200.

40.

A. I. Khan and D. O’Hare, J. Mater. Chem., 2002, 12, 3191.

41.

M. Gong, Y. Li, H. Wang, Y. Liang, J. Z. Wu, J. Zhou, J. Wang, T. Regier, F. Wei and
H. Dai, J. Am. Chem. Soc., 2013, 135, 8452.

42.

X. Kong, C. Zhang, S. Y. Hwang, Q. Chen and Z. Peng, Small, 2017, 13, 1700334.

43.

P. Zhou, Y. Wang, C. Xie, C. Chen, H. Liu, R. Chen, J. Huo and S. Wang, Chem.
Commun., 2017, 53, 11778.

44.

X. Xia, C. Zhu, J. Luo, Z. Zeng, C. Guan, C. F. Ng, H. Zhang and H. J. Fan, small, 2014,
10, 766.

146

Chapter 6 Active Site-Enriched Iron-Doped Nickel/Cobalt Hydroxide Nanosheets for Enhanced
Oxygen Evolution Reaction

45.

R. N. Wenzel, Ind. & Eng. Chem., 1936, 28, 988.

46.

T. Uelzen and J. Müller, Thin Solid Films, 2003, 434, 311.

47.

Z. Lu, W. Zhu, X. Yu, H. Zhang, Y. Li, X. Sun, X. Wang, H. Wang, J. Wang and J. Luo,
Adv. Mater., 2014, 26, 2683.

48.

B. Dong, M. Li, S. Chen, D. Ding, W. Wei, G. Gao and S. Ding, ACS Appl. Mater.
Interfaces, 2017, 9, 17890.

49.

L. Zeng, W. Ren, J. Zheng, A. Wu and P. Cui, Appl. Surf. Sci., 2012, 258, 2570.

50.

D. Xiong, W. Li and L. Liu, Chem.- Asian J., 2017, 12, 543.

51.

J. Baltrusaitis, D. M. Cwiertny and V. H. Grassian, Phys. Chem. Chem. Phys., 2007, 9,
5542.

52.

H. Wang, H. S. Casalongue, Y. Liang and H. Dai, J. Am. Chem. Soc., 2010, 132, 7472.

53.

C.-C. Hu and Y.-R. Wu, Mater. Chem. Phys., 2003, 82, 588.

54.

R. Singh, J. Pandey and K. Anitha, Int. J. Hydrogen Energy, 1993, 18, 467.

55.

M. Gong and H. Dai, Nano Res., 2015, 8, 23.

56.

N. Li, D. K. Bediako, R. G. Hadt, D. Hayes, T. J. Kempa, F. von Cube, D. C. Bell, L.
X. Chen and D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 1486.

57.

A. Bhaumik, P. Mukherjee and R. Kumar, J. Catal., 1998, 178, 101.

58.

C. Ling, Y. Huang, H. Liu, S. Wang, Z. Fang and L. Ning, J. Phys. Chem. C, 2014, 118,
28291.

59.

J. Qi, W. Zhang, R. Xiang, K. Liu, H. Y. Wang, M. Chen, Y. Han and R. Cao, Adv. Sci.,
2015, 2, 1500199.

60.

L.-A. Stern and X. Hu, Faraday Discuss., 2015, 176, 363.

61.

B. M. Hunter, J. D. Blakemore, M. Deimund, H. B. Gray, J. R. Winkler and A. M.
Müller, J. Am. Chem. Soc., 2014, 136, 13118.

62.

X. Yu, M. Zhang, W. Yuan and G. Shi, J. Mater. Chem. A, 2015, 3, 6921.

147

Chapter 6 Active Site-Enriched Iron-Doped Nickel/Cobalt Hydroxide Nanosheets for Enhanced
Oxygen Evolution Reaction

63.

D. H. Youn, Y. B. Park, J. Y. Kim, G. Magesh, Y. J. Jang and J. S. Lee, J. Power Sources,
2015, 294, 437.

64.

Y. Ni, L. Yao, Y. Wang, B. Liu, M. Cao and C. Hu, Nanoscale, 2017, 9, 11596.

65.

Y. Jia, L. Zhang, G. Gao, H. Chen, B. Wang, J. Zhou, M. T. Soo, M. Hong, X. Yan and
G. Qian, Adv. Mater., 2017, 29, 1700017.

Note: The content of this chapter has been published in ACS Catalysis. Permission regarding
copyright has been obtained from the publishers. [Qian Zhou, Yaping Chen, Guoqiang Zhao,
Yue Lin*, Zhenwei Yu, Xun Xu*, Xiaolin Wang, Hua Kun Liu, Wenping Sun*, Shi Xue Dou.
Active-Site-Enriched Iron-Doped Nickel/Cobalt Hydroxide Nanosheets for Enhanced Oxygen
Evolution Reaction, ACS Catalysis, 2018, 8, 6, 5382-5390.

148

Chapter 7 General Conclusion and Outlook

Chapter 7
General Conclusions and Outlook
7.1. General Conclusions
Electrochemical electrolysis to convert water to hydrogen and oxygen has always been regarded
as an indispensable way to balance intermittent electricity derived from clean and renewable
energy sources, including solar, wind, and tidal energy. To improve the efficiency and reduce
the cost of water electrolysis, it is crucial to develop low-cost electrocatalysts with high activity,
which can effectively reduce the overpotential and the Tafel slope for the HER or OER.
Recently, the emerging 2D nanomaterials have demonstrated their potential as promising
catalysts for the electrochemical HER and OER owing to their unique physico-chemical
properties. In this doctoral thesis work, the recent developments in the synthesis of atomically
thin 2D nanomaterials were first summarize, along with the state-of-the-art research progress
on HER and OER catalysts for water splitting, with the focuses on materials design and
synthesis strategies, as well as electrochemical characterization and the related mechanisms of
activity enhancement.
Specifically, we developed a universal strain discrepancy-assisted liquid exfoliation method for
the large-scale production of high-quality few-layered TMD nanosheets. The driving forces for
the exfoliation originate from the strain-discrepancy caused by the sudden change of
temperature as well as the solvent vapour pressure generated from gasification. Owing to its
low boiling point and excellent affinity with TMD powders, ethanol was demonstrated to be
the most efficient and environmentally-friendly solvent medium for exfoliating TMD
nanosheets. This work provides a new alternative approach for the fabrication of ultrathin 2D
layered nanomaterials in large quantities, which can be readily utilized for various applications
in electronics, catalysis, and energy conversion and storage in the near future.
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TMD-based heterostructures (MoS2/MoSe2, MoSe2/MoSe2, and MoS2/MoS2) with MoS2 or
MoSe2 quantum dots anchored on TMD nanosheets were synthesized via a two-step chemical
solution process. The TMD-based heterostructures delivered catalytic activity that was
substantially improved over those of their single-component counterparts in alkaline media.
The abundant edge sites in MoS2 or MoSe2 quantum dots would enhance the H2O affinity of
the TMD-based heterostructures and hence promote their water adsorption/dissociation
capability and alkaline HER kinetics accordingly. We believe that the strategy for creating extra
edge sites by engineering hetero-nanostructures could provide new insights into designing
efficient electrocatalysts for hydrogen evolution in alkaline media.
A general cation exchange process was developed to synthesize efficient Ni(OH)2- and
Co(OH)2-based catalysts for oxygen evolution catalysis. As a proof-of-concept application,
holey Fe-doped Ni(OH)2 nanosheets with abundant defects were prepared via Fe3+/Ni2+ cation
exchange, which showed a high electrochemical active surface area and improved surface
wettability. Consequently, the active-site enriched Fe-doped Ni(OH)2 nanosheets delivered
substantially enhanced catalytic performance in comparison to pristine Ni(OH)2 and NiFe LDH.
Moreover, highly active Fe-doped Co(OH)2 nanosheets were also successfully prepared via a
similar process. We believe that this novel strategy will shed light on developing highperformance heteroatom-doped catalysts with abundant active sites.

7.2 Outlook
Even though great progress and some achievements have been made in designing ultrathin 2D
electrocatalysts for the HER and the OER, many challenges still exist and need to be faced.
Firstly, the current production rate, quality, and cost of 2D nanomaterials still do not meet the
requirements for industrial or commercial production. Therefore, it is highly necessary to look
for a simple, efficient, low-cost, and environmentally-friendly method to synthesize ultrathin
2D nanomaterials. In addition, more attention should be paid to advanced synthetic methods,
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so that physical and chemical properties of 2D nanomaterials can be precisely controlled.
Secondly, although there are a large number of reports regarding the development of 2D
electrocatalysts with excellent performance, we still need to undertake a fundamental
investigation into the working mechanisms of catalysts in electrocatalytic processes. For the
OER process, most nonprecious nanomaterials would be transformed into other materials due
to the oxidation process, resulting in changes in the real active sites in the electrocatalysts. In
order to detect the reaction intermediates and active sites, some advanced in situ
characterization technologies (e.g. in situ XRD, XPS, XAS, Raman spectroscopy, etc.) should
be conducted. Furthermore, the combination of theoretical computations (e.g. DFT) and
experimental electrochemical measurements is an efficient way to gain a deep understanding
of the electrocatalytic reaction kinetics and elucidate the details of the working mechanisms of
2D electrocatalysts.
Thirdly, despite the development of new materials, great endeavours should be devoted to
promoting the catalytic activities of traditional catalysts by various modification strategies.
Generally, the modification strategies can be mainly achieved in two ways: improving the
intrinsic catalytic activity and creating more active site numbers, and enhancing the kinetics of
charge transfer. For instance, heteroatom doping, strain engineering, and engineering
heterostructures can be used to improve the intrinsic catalytic activity of catalysts. To obtain an
abundance of active sites, thinning layers, and edge and defects engineering are considered as
effective methods. All in all, taking both the intrinsic catalytic activity and the numbers of active
sites into account is significant for researchers in seeking HER and OER catalysts with excellent
performance.
Finally, both HER and OER electrocatalysts should operate in media with same pH range to
work together efficiently for water splitting. Therefore, it is necessary to integrate the merits of
the HER and OER electrocatalysts to engineer efficient bifunctional HER-OER heterostructures
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to enhance the activity towards overall water splitting. This represents a new way to solve the
problem of the incompatibility of different electrocatalysts that are required to operate in the
same electrolyser, as well as simplifying the design and reducing the cost of the overall system.
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